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The following chapters deal with the chemistry, catalytic poisoning, newer 
catalyst technologies, and possible future solutions to increase the efficiency of creating 
high-value products by thermochemically converting gasified biomass (producer gas).  
Chapter 1 puts emphasis on multifunctional catalysts containing transition metals that are 
used for renewable fuel production.  High-value products such as gasoline-range 
hydrocarbons, dimethyl ether (DME), aldehydes, isobutane, isobutene and other olefins 
can be produced with gasified biomass due to the gas containing syngas (H2 + CO). The 
chemistry and production of these chemicals is discussed in the review.  Chapter 2 
describes the reactor design of a bench scale system and results after using a Mo/HZSM-
5 catalyst for aromatic hydrocarbon creation.  This chapter also discusses issues that 
came with trying to control the temperature without any reactor intercooling.  Chapter 3 
shows the feasibility of using a particular multifunctional catalyst with a lab scale system
and also shows the importance of certain process variables including temperature, space 
velocity, gas ratios, and pressure. The subject of the importance of the cleanliness of the 





with the greatest efficiency. Chapter 4 discusses the implementation of a bench scale and 
pilot scale reactor design (both with intercooling) and the results of scale-up when using 
the catalyst mentioned in Chapter 3.  Chapter 5 involves the modelling of an 
industrialized system with Aspen Plus. The economics of industrial plants to produce 
hydrocarbons from coal or wood feedstocks at scales of 5, 50 and 5000 tons per day were 
modeled using CAPCOST. 
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LITERATURE REVIEW OF CATALYSTS USED FOR CREATING HIGHLY 
VALUED PRODUCTS
This chapter was published in the journal Biofuels in 2011. See the following: 
Street, J. and F. Yu. 2011. Production of high-value products including gasoline    
hydrocarbons from thermochemical conversion of syngas. Biofuels 2(6):677-691. 
Introduction
The world today is dependent on fossil fuel hydrocarbons for energy needs. This 
energy source is finite, and other means of gleaning hydrocarbons need to be developed 
to be able to meet the future demand for these fuels.  The Energy Information 
Administration [1] reported that the United States consumed 18,886,8000 barrels of oil in 
2013 but that it only had a total oil production of 12,302,280 barrels.  The United States 
consumes around 21% of the world’s oil, and there is not enough produced in the country 
to be self-sufficient at the moment.  The two main ways that biomass can be converted 
into useful, high-value products include biochemical processes and thermochemical 
processes [2]. Biomass-derived hydrocarbons including gasoline, diesel, and jet fuel are 
some of these high-value products that can help replace the fossil fuel derived 
hydrocarbons. Development of renewable fuels includes biochemical conversions of 
syngas to ethanol [3], using microorganisms for fermentation of sugars and starches to 





vegetable oil [8], thermochemical conversions of producing bio-oil from biomass via 
pyrolysis [9], using Fischer-Tropsch synthesis for hydrocarbon production [10] and 
gleaning liquid hydrocarbons from alcohols [11]. 
The two main thermochemical conversion processes consist of gasification of 
biomass through gasification and liquefying biomass via pyrolysis [2].  This article will 
specifically address the thermochemical conversion processes that make use of gasified 
biomass.  This article focuses on renewable fuel creation from modified Fisher-Tropsch 
catalysts with emphasis on the importance of bifunctional catalysts.  Bifunctional 
catalysts include catalysts which contain an acid and a base which can help dehydrate 
alcohols formed to produce specific length chain hydrocarbons.  This type of reaction can 
help do away with extra equipment needed (catalytic crackers) in an industrial plant to 
help make the plant more economical.  Biomass feedstocks are plentiful and can be used 
with certain catalysts to create these and other types of high-value products.  Petroleum
products are finite and will one day be depleted, but biomass is a sustainable resource and 
anything organic can be gasified to yield producer gas.  Producer gas is a mixture of 
gases produced in a biomass gasification process.  Producer gas (a type of syngas) from a 
downdraft gasifier is usually composed of carbon monoxide, hydrogen, carbon dioxide, 
nitrogen (if air is used in the feed gas), methane and some small alkanes. Syngas is used 
to describe a gas mixture of hydrogen and carbon monoxide.  Equations 1.1 - 1.9 show 
the main chemical reactions which take place during gasification.  Equations 1.1 - 1.5
deal with the char chemical reactions while equations 1.6 - 1.9 deal with oxidation 
reactions. Table 1.1 shows the names of these equations.  These components can be used 




   
  
  
   
   
   






C + H2O  CO + H2 (1.1)
C + CO2   2CO (1.2) 
C + ½O2   CO (1.3) 
C + O2  CO2 (1.4)
C + 2H2  CH4 (1.5)
CO + H2O  CO2 + H2 (1.6)
 H2 + ½O2   H2O (1.7) 
CO + ½O2  CO2 (1.8)
 CH4 + 2O2  CO2 + 2H2O (1.9) 
Table 1.1 Reactions of Biomass Gasification 
Reaction Name Equation number 
Steam gasification 1.1 
Boudouard Reaction 1.2 
Partial combustion 1.3 
Complete Combustion 1.4 
Hydrogen gasification 1.5 
Water–Gas Shift Reaction 1.6 
Hydrogen Oxidation 1.7 
Carbon Monoxide Oxidation 1.8 
Methane Oxidation 1.9 
Producer Gas Conditioning 
Producer gas contains many contaminants that can retard the high-value product 
creation process. Table 1.2 shows components that can poison catalysts used for 






chemical processes to occur and can lower the yield of the preferred products.  Since 
some gasifiers may utilize negative pressure when in operation, there is a chance that 
extra nitrogen and oxygen can enter the system after the gasification has already taken 
place (if the gasifier system is not sealed completely).  Nitrogen can be desirable in the 
presence of Fischer-Tropsch reactions to help control the temperature generated from the 
exothermic reactions, but too much nitrogen is not desired because it can lower the partial 
pressure of the main reactants (H2 and CO) and cause a decrease in the yield of high-
value products. Producer gas containing O2 can cause an unwanted higher CO2
selectivity after reacting with a catalyst through thermochemical conversion. Procedures 
to remove O2 from the system have been studied and can be implemented with many 
methods (including ionic membranes [12]).   
Catalyst retarding impurities of the producer gas include H2S, NOx and NH3
(Table 1.2).  The range of acceptable levels of impurities are shown in Table 1.2, but 
depend on the specific catalyst. The NOx in the producer gas needs to be removed so it 
does not have an opportunity to be reduced over certain high-value product producing 
catalysts to form ammonia, which is a catalyst poison. Ammonia will form a salt complex 
when reacting with these types of catalysts and will to severely retard bifunctional 
Fischer-Tropsch type zeolite catalysts used to produce hydrocarbons [14, 15].  Studies 
have shown that NOx can be removed by catalytic conversions over platinum and zeolites 
on stream with ammonia [13], [14].  Ammonia has been reported to poison strong acid 
sites of zeolite catalysts [15].  Ammo will form a salt complex when in the presence of
acid sites of the catalyst [16], and in the case of bifunctional Fischer-Tropsch type zeolite 





    
   
  
 
    
   
   
   
  
   
   
   
  




   
 
to remove the ammonia from the syngas so that the acidic catalytic sites would remain 
intact is to use some type of water scrubber.  
Table 1.2 Specific Catalytic Conversion Process Retardation determined by a Certain 
Level of Poison 
Process Poison Allowable Level Source 
Alcohol Synthesis H2S, CS2 < 0.5 ppmV Kung [17]
(All Gaseous Sulfur) < 0.1 ppm Twigg, et. al.[18]
Halides < 1 ppb Twigg, et. al. [18]




H2S, COS, CS2 < 60 ppb Turk, et. al [19]
<0.2 ppm Spath, et. al. [20]
< 1 ppmV Boerrigter, et. al. [21]
NH3 < 1 ppmV Boerrigter, et. al. [21]
< 10 ppmV Turk, et. al [19]
HCN < 10 ppb Turk, et. al [19]
< 1 ppmV Boerrigter, et. al. [21]
NOx < 0.2 ppmV Turk, et. al [19]
HCl, HBr, HF (Halides) < 10 ppbV Boerrigter, et. al. [21]
Alkaline metals < 10 ppbV Boerrigter, et, et. al. [21]
Soot, dust, ash Complete Removal Boerrigter, et. al. [21]
Organic Compounds (tars, 
BTX)
Below Dew Point Boerrigter, et. al. [21]
Class 2 tars (heteroatoms
including phenol, 
pyridine, thiophene) 
< 1 ppmV Boerrigter, et. al. [21]
Methods for cleaning the syngas are needed for the syngas to hydrocarbon 
conversion process, especially when zeolite catalysts are involved.  Boerrigter et al. [22] 
show three main ways of cleaning syngas to the desired levels.  They include using a 
circulating fluidized bed gasifier with the addition of a tar cracker, using an entrained 
flow gasification of pre-treated biomass, or using a circulating fluidized bed gasifier with 
the OLGA process and an added reformer (“OLGA” is the Dutch acronym for an oil-





a stripper to regenerate the washing liquid).  Ways of cleaning the sulfur contaminants 
from the system include using the LO-CAT process which offers a low cost method for 
carrying out a modified Claus reaction [23].  One large-scale example of where gas 
cleaning is being used effectively is the University of Vienna. They have a large-scale 
gasifier which operates at 8 MWth and produces approximately 2 MW of electricity and 
4.5 MW of heat [24].  A flow-rate of 7 Nm3/hr of syngas from the gasifier is used to 
produce liquid fuels with a 20 liter Fischer-Tropsch rector [25].  The first stage of their 
gasifier cleaning system involves using a fabric filter to separate small particles from the 
producer gas (which is returned to the combustion zone) [26].  The second stage involves 
using a scrubber to clean the producer gas of tars to a level of < 20 mg/Nm3 [24]. Large-
scale facilities have also include cyclone separation of particulates from the producer gas. 
Reactor System Parameters and Catalysts for High-Value Product Formation
Heat Exchange Reactor Designs 
The feasibility of the sizing of the reactor to be used for creating high-value 
products, as well as the type of heating/cooling mechanism to control the 
endothermic/exothermic reactions can be determined with the help of transport 
phenomena computer modeling software.  Transport phenomena software can help 
ascertain the concentration gradient across thermochemical reactors as well as the heat 
generated or dissipated from the system through the use of reaction rates and known 
variables. There have been a plethora of models involving the use of certain types of 
reaction rates and comparing them with real world situations [27].  A reaction model 
closely resembling the catalyst used in the process can make a substantial contribution 












programming software to develop internal and external temperature control using 
proportional-integral-derivative (PID) algorithms to control the endothermic or 
exothermic reactions going on within the reactor.  Inert particles with a high thermal 
conductivity can also be used inside the reactor to achieve better heat transfer to help 
with temperature equilibrium [28].  Various reactor designs used to help control the 
temperature in hydrocarbon formation are shown in Table1.3 [20]. 
Table 1.3 Types of Designs of Reactors Used in High-Value Chemical Formation 
Type of Reactor(s) Design and Heat Control 
Shell and Tube Tubes contain catalyst while varied pressure of boiling water in the 
shell of reactor controls temperature distribution. 
Low Pressure Quench 
Converter 
Catalyst contained in single bed separated by plates.  Fresh and 
recycled syngas removes the heat from the reaction and controls 
temperature.
Spherical shaped multiple 
reactors
Multiple fixed bed reactors are used and each reactor is separated 
by a heat exchanger. 
Collect, Mix, Distribute 
Converter 
At the top of the reactor, the first pass through gas is mixed with 
quench gas and distributed evenly so that it flows radially down 
through the second catalyst bed.  The syngas inlet at the bottom of 
the reactor provides fresh syngas that flows radially up through the 
first catalyst bed 
Multistage Radial Flow 
Methanol Converter 
Bayonet boiler tubes are used for cooling and these tubes divide 
the catalyst into concentric beds. 
MGC/MHI Superconverter 
(Uses double-walled tubes)
Double-walled tubes are filled with catalyst in the ring-shaped 
space between the inner and outer tubes.  The feed syngas is heated 
as it inters the inner tube and then flows through the ring-shaped 
space. The heat is removed from the catalyst by boiling water 




The three-phase slurry reactor uses a catalyst circulated in a 




Importance of Process Variables 
When trying to create high-value products from thermochemical reactions, a 
specific operating range of which both the conversion of the reactants and catalyst 
selectivity should be considered for the utmost economic efficacy.  The variables which 
need to be controlled for the maximum high-value product formation are temperature, 
space velocity, gas ratios, and pressure. In one study, Calleja et al. [29] made use of a 
factorial experimental design along with Marquardt’s algorithm after experimentally 
determining suitable ranges of temperature, weight hourly space velocity (WHSV), the 
ratio of CO to H2 in the gas, and pressure for the values of the central point of their 
experimental design to obtain equations describing the dependence of the conversion rate 
and selectivity to C6+ hydrocarbons on the process variables.  The temperature of the 
reactor can make a tremendous impact on whether or not there will be a significant yield 
of the desired product. Liu et al. [30] showed that when using a 5% Mo/H+ZSM-5 
catalyst at a constant pressure of 6.89 MPa, with temperature range from 523 K to 653 K, 
the temperature 573 K produced the highest gasoline-range hydrocarbon yield at 7.88%.  
Calleja et al. [29] also showed that the temperature and pressure variables resembled a 
parabolic curve where an increase of pressure and temperature caused an increase in the 
yield of desired products to a certain point, and then the yield of the desired products 
decreased as there was still an increase in pressure and temperature.
A certain WHSV would need to be used so that the conversion rate and selectivity 
to desired products are maximized.  This relates to how long the reactants stay inside a 
reactor, and if the reactants stay too long or not long enough, this can also have a 








time (WHSV is low), the CO conversion increased with selectivity to C6+ hydrocarbons 
to a certain point and then selectivity started to decrease.  This was attributed to all of the 
H2 in the feed being used up and causing a greater increase in CO2 production via the 
water-gas shift reaction. The mole ratio of the H2 to CO determines the types of products 
produced from the syngas [29].  For example, Calleja, et al. [29] showed that with a 
Co/HZSM-5 catalyst at a temperature of 280 oC, a WHSV of 0.9 h-1, and a pressure of 2.1 
MPa, as the CO to H2 ratio decreased (e.g. from 1.9 to 0.5), the yield of methane 
increased dramatically.  Higher hydrocarbons were produced when this ratio was 
increased. 
Certain parameters regarding the type of reactor used should also be considered.  
For example, when loading a fixed bed reactor, Gamba et al. [31] showed that to 




D p  (1.10) 
Where ID is the inner diameter of the reactor tube and Dp is the diameter of the 
particle used inside the reactor.
Hb 100
Dp  (1.11) 
Where Hb is the catalytic bed height and Dp is the diameter of the particle used 
inside the reactor. To increase production, these two equations would need to be taken 





range hydrocarbons.  According to collision theory, the decrease in size of the catalyst 
particles will allow more interaction between the reactants and the catalyst, thereby 
increasing the reaction rate. When catalyst particles are too large or have an irregular 
shape, channels can form in the reactor.  These channels can cause flow differences to 
develop across the catalyst bed, and this problem can be resolved by using evenly packed, 
relatively small catalyst particles.
Catalyst Promoters 
There are many catalyst designs including those which can increase methanol 
production from CO and H2 by using potassium carbonate (K2CO3) as a promoter to 
greatly increase the selectivity of the syngas to alcohols [32].  The more alcohols that are 
produced using the bifunctional catalysts that produce gasoline-range hydrocarbons via 
alcohol intermediates, the more opportunity for hydrocarbons to form via 
dehydrogenation, olefins and carbenium ions.  Catalyst promoters such as the elements of 
Ag, Al, Cu, Co, Fe, Ga, Pt, Ru, W, Zn and Zr have been demonstrated to improve the 
performance of Mo/H+ZSM-5 [33-39]. The type of catalysts used for high value products 
differ significantly depending on their chemisorption rate [40] and level of acidity [30].  







     
    
 
       
      
    
       
 




       
     
  
      
 
     
     
       
 
 
       
       
       
 




Table 1.4 Chemisorption capabilities of certain elements with O2, C2H2, C2H4, CO, 
H2, CO2, and N2
O2 C2H2  C2H4 CO H2 CO2 N2 
Ag Strong None None None None None None 
Al Strong Strong Strong Strong None None None 
Au Strong Strong Strong Strong None None None 
Bi Strong None None None None None None 
Cr Strong Strong Strong Strong Strong Strong Strong
Co Strong Strong Strong Strong Strong Strong None 
Cu Strong Strong Strong Strong Some None None 
Fe Strong Strong Strong Strong Strong Strong Strong
In Strong None None None None None None 
Ir Strong Strong Strong Strong Strong None None 
K Strong Strong None None None None None 
Li Strong Strong None None None None None 
Mg Strong None None None None None None 
Mo Strong Strong Strong Strong Strong Strong Strong
Mn Strong Strong Strong Strong Some None None 
Na Strong Strong None None None None None 
Ni Strong Strong Strong Strong Strong Strong None 
Pb Strong None None None None None None 
Pd Strong Strong Strong Strong Strong None None 
Pt Strong Strong Strong Strong Strong None None 
Ru Strong Strong Strong Strong Strong Strong Strong
Si Strong None None None None None None 
Sn Strong None None None None None None 
Ti Strong Strong Strong Strong Strong Strong Strong
V Strong Strong Strong Strong Strong Strong Strong
W Strong Strong Strong Strong Strong Strong Strong
Zn Strong None None None None None None 
Zr Strong Strong Strong Strong Strong Strong Strong
Although some metals in the same group behave similarly as catalysts, not all of 
them do so and this can be explained by the Sabatier Principle [40].  As mentioned 
previously, nitrogen in the producer gas can affect product yield due to constraining a 
main reactant’s partial pressure, but Table 1.4 shows that product yield could also be





   
 
 
The acidity level of catalysts is also a very important factor when attempting to 
obtain certain products, and as the acidity level (e.g. Si/Al ratios) in a catalyst changes the 
types of products created also changes.  The types of reactions (in order of low to high 
acidity level) for different acid levels of catalysts include cis-trans isomerization, double 
bond isomerization, tertiary carbenium ion isomerization, intermolecular hydrogen 
transfer, polymerization, branching, aromatic alkylation and cracking [41].  Certain types 
of catalysts can be modified with the proper promoters and acidity levels to produce the 
desired high-value products. 
Thermochemical Conversion for High-Value Product Production 
Alcohols from CO, H2 and CO2 
Alcohols are very important products gleaned from syngas because they are key 
reactants for the creation of a plethora of high valued products.  In the presence of CO 
and H2, transition metal species such as molybdenum carbide and sulfide catalysts have 
been shown to give mixed alcohol synthesis including methanol creation [30, 42, 43].  
The chemistry of methanol synthesis over a specific metal catalyst is given as the 
following chemical equations: 
CO + 2H2  CH3OH ΔHr = -90.64 kJ/mol (1.12) 
CO2 + 3H2  CH3OH + H2O ΔHr = -49.67 kJ/mol (1.13) 
CO + H2O  CO2 + H2 ΔHr = -41.47 kJ/mol (1.14) 
It is well documented that carbon monoxide forms a metal carbonyl over 
transition metals, and these carbonyls are highly reactive (especially in substitution or




The chemisorption process is essential in the role of heterogeneous catalysts and this 
activity is particularly high in transition metal catalysts.  Wender [44] reported that 
scientists used carbon-14 labeling of 14CO and 14CO2 to show that methanol can be 
created immediately from CO2.  CO is converted via the water gas shift (WGS) reaction 
to CO2, which is then converted to methanol.  Even though methanol is made from
mixtures of H2 and CO, the reaction occurs about 100 times faster if CO2 is present [44].  
Spath et al. [20] reported that this mechanism for catalytic methanol synthesis is thought 
to advance through a long-lived formate intermediate and that CO2 helps maintain the 
oxidation state of the active metal sites.  Spath et al. [20] discussed the fact that if the 
CO2 concentration is too high, catalyst activity is lowered and methanol creation is 
repressed, but a level of 4-8% of CO2 was reported for maximum methanol synthesis.  
Equation 1.12 shows that a 2:1 ratio of H2 to CO is desired for maximum methanol 
synthesis, while the CO2 level in the total gas mixture should be around 4-8% to avoid 
hydrothermal deactivation (equation 1.14) of the catalyst. 
One main obstacle for Fischer-Tropsch reactions is the undesirable CO2 
production from syngas to hydrocarbons.  CO2 is a greenhouse gas which can be a costly 
side product due to the fact that many companies are taxed for its creation.  One effective 
use for CO2 may be to convert it into methanol using a copper catalyst [45].  CO2 can 
also be used in biological energy production, such as micro-algae cultivation.  Arakawa 
et al. [45] produced methanol at a 20% yield and 25% CO2 conversion over a CuO-ZnO-
Al2O3-Cr2O3 catalyst using specifications of 7 MPa, 250 oC, a GHSV (gas hourly space 
velocity) of 1800 h-1 and a H2 to CO2 ratio of 3/1.  The methanol produced from CO2 





HZSM-5 catalyst to form gasoline-range hydrocarbons as Gujar et al. [11] have recently 
proven. Water is used in the WGS reaction to further methanol creation, but large 
amounts of water can block active sites and reduce alcohol formation by 50% [20].   
Syngas can also be used for direct synthesis for higher alcohols including ethanol, 
propanols and butanols [46-52]. Methanol seems to be the easiest alcohol formed on 
metal catalysts using syngas, while isobutanol seems to be the second easiest alcohol to 
form on metal catalysts due to the fact that its standard heat of enthalpy and Gibbs free 
energy are the lowest when comparing other alcohol formation standard heat of 
enthalpies and energies. Butanol formation is also preferred in the bond forming steps of 
higher alcohol formation.  The carbon-carbon bonds formed when forming ethanol are 
the slowest to form and this is the rate-determining step when using syngas to form
higher alcohols [46]. The carbon-carbon bonds that form the propanols and butanols 
develop faster which causes the reduction of ethanol because it is a feedstock for the 
higher alcohol formation and allows higher alcohols form more easily.  Isobutanol can 
react with methanol to produce methyl tertiary-butyl ether (MTBE) which is a high-
octane additive for gasoline. Butanol is also a very interesting fuel that can be used in a 
gasoline engine without any modifications [53, 54].  Butanol has an energy content 
comparable with gasoline and can be mixed with gasoline at a higher content than 
ethanol. For every gallon of butanol used, it would replace at least 1.25 gallons of 
ethanol. (Gasoline has an energy content of around 34 MJ/L while butanol has an energy 




Synthesis of high-value compounds via post-conversion of methanol 
Methanol can be produced indirectly from the gasification of biomass through the 
process listed above and serves as a reactant to form many other high valued products 
such as acetic acid [55, 56], acetic anhydride [56], BTX [57], chloromethanes [58], 
dimethyl oxalate [59], dimethyl carbonate [60], ethanol (and other higher alcohols) [61], 
ethylene [62] , ethylene glycol [63], formaldehyde [64, 65], methyl acetate [66], methyl 
chloride [67], methyl formate [68-70], methyl esters [71, 72], methyl glycolate [73, 74],  
MTBE [75-78], methylamines [79-81], olefins, [82-84], propylene [85], and vinyl acetate 
[86]. Methanol can be the reactant to form many higher alcohols but one common 
practice is methanol coupling to form ethanol.  Methanol can be put over a catalyst such 
as a zeolite to form ethanol via methane and protonated formaldehyde intermediates 
which is shown by equation 1.15 [87]. 
2CH3OH  CH3CH2OH + H2O (1.15) 
(Traditional) Fischer-Tropsch Synthesis from CO and H2 
H2 and CO are the desired thermochemical conversion reactants for the Fischer-
Tropsch process. Studies have shown that the most studied catalysts for Fischer-Tropsch 
reactions, such as iron, cobalt, nickel and ruthenium cause the syngas to develop into 
long chain hydrocarbons, which need post-cracking to shorten them into liquid fuels.  
The Fischer-Tropsch synthesis starts out by the initial formation of metal carbonyls.  The 
next step involves the hydrogenation of CO, the hydrogenolysis of C-O bonds that form 
many possible intermediates (such as CH, CH2, CH3, CHO, HCOH, and CH2OH), and 







Figure 1.1 Simplistic Mechanism of Fischer-Tropsch Chemistry 
Iron is used as an example metal. 
The Fischer-Tropsch reaction continues to form long chain paraffins until the 
reaction is terminated by hydrogenation.  The overall chemical equations of the Fischer-
Tropsch process can be described by equation 1.16 when describing paraffins and 
equation 1.17 when describing olefins [27].  
nCO + (2n+1)H2   CnH2n+2 + nH2O (1.16) 
nCO + 2nH2   CnH2n + nH2O (1.17) 
Gasoline-Range Hydrocarbon Reactions via Bifunctional Catalysts 
Bifunctional catalysts can be used to transform carbon monoxide and hydrogen 
directly into gasoline-range hydrocarbons via transition metal species and zeolites.  
Traditional Fischer-Tropsch catalysts do not use zeolites and need post-cracking or a 
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separate down-stream catalyst for further transformation to high-value products, but the 
bifunctional catalysts can be more economical by using less energy to create these final 
products. The carbon chain growing reaction can be controlled by small, porous 
nanospaces found in certain zeolite catalysts, which can be used to produce specific 
gasoline-range hydrocarbons with a high octane level [89-91].  Zeolites are the main 
bifunctional catalysts discussed in detail throughout this paper because they can be easily 
manufactured, and different zeolites have the ability to change the structure of the 
products while using the same transition metal.  For example, gasoline-range product 
creation can be easily modified by changing the zeolite support to more branched and 
linear types of paraffins for high octane fuels using an H-Y zeolite or aromatic molecules 
for expensive aviation fuels using an H+ZSM-5 zeolite.  The details of the chemical 
mechanism and examples of how these catalysts can be used are discussed below.   
The first step in these types of bifunctional catalysts is similar the main Fischer-
Tropsch synthesis reactions so that when the CO and H2 come into contact with a metal 
species, they can be converted to mixed alcohols.  As previously mentioned, syngas 
forms mixed alcohols with the appropriate catalysts [30, 42, 43].  Although the Fischer-
Tropsch chemical mechanisms are similar to those of the bifunctional catalyst chemical 
mechanisms that make use of transition metals and zeolites (carbon monoxide molecules 
bind to transition metals), the bifunctional zeolite catalysts have the ability to produce 
specific products based on the size and acidity level of the zeolites.  One study using 
bifunctional zeolite catalysts [92] showed that these catalysts can increase the amount of 
branched hydrocarbons in the gasoline range, decrease alkene and alcohol yields, lead to 




gasoline and distillates, have nearly constant methane selectivity in comparison with 
traditional Fischer-Tropsch catalysts and show no significant catalyst deactivation.  Many 
current bifunctional catalysts use zeolites as their support system. Zeolites contain 
protonic acid sites from bridged hydroxyl groups in their framework.  After the transition 
metal species transforms the syngas into mixed alcohols, the alcohols come in contact 
with the Brønsted and Lewis acid sites of the zeolite and dehydration gives way at low
temperatures to a mixture containing water and dimethyl ether (DME) or water and an 
alkene at higher temperatures [93].  These reactions usually take place at or near 300 oC, 
so alkenes are formed.  One particular study by Zhang [94] clearly shows this concept of 
using the HZSM-5 catalyst at 520 oC to transform methanol to olefins.  On solid acids of 
sufficient strength, secondary olefin reactions also take place where propene may 
trimerize and then crack into butenes and pentenes [95].  The route to creating longer 
molecules using zeolites is carried out through the formation of carbenium ions [96, 97]. 
These carbenium ions are formed through the dehydrogenation of an olefin over an acid 
site of the catalyst [98 ]. Larger carbenium ions are formed with a transfer of the 
hydrogen ion.  The reactions tend to favor large molecules because their relative strength 
of adsorption is greater than smaller ones [98].  Once the larger carbenium ion is formed, 
hydrogenation can take place either by interaction with the metal of the catalyst [98] or 
by a hydrogen donor to form a stable molecule [99]. Figure 1.2 shows an overview of this 











Figure 1.2 Steps leading to hydrocarbon formation via alcohol intermediates using 
bifunctional catalysts 
There are numerous chemical reactions that go on within this type of reaction 
process. The most favored reactions of syngas to liquid hydrocarbons are listed above.  
Reactions also include the formation of oxygenates (equation 1.18).  The Boudouard 
reaction in which carbon builds up on the catalyst is shown by equation 1.19, and the 
methanation reaction (equation 1.20) involves the undesired formation of methane from
the main reactants CO and H2.  
nCO  2nH  C H OH  (n 1)H O2 n 2n1 2  (1.18) 
2CO  C  CO2  (1.19) 






When syngas reacts with a bifunctional zeolite catalyst, the mixed alcohols form
lower olefins which undergo oligomerization followed by hydrogenation, and this gives 
way to hydrocarbons of a specific size and shape dependent on the sieve shape 
selectiveness of a specific zeolite (Figure 1.2).  The zeolite pore size also affects the type 
of hydrocarbon molecule created.  In the study done by Liu et al. [30], the larger pore size 
of the zeolite-Y support produced more linear alkanes while the HZSM-5 produced more 
aromatic types of compounds because of the smaller pore size and the sieve shape.  The 
degree of acidity of the zeolite and the metal/support ratio also affect the type of
hydrocarbons created. By decreasing the SiO2/Al2O3 ratio, the total concentration of 
protonic acid sites increases, but it is believed that the strengths of these acid sites 
decrease as well when the ratio is decreased; so there is a balance that must be reached in 
the catalyst design [100]. Liu et al. [30] had a yield of 7.8 % of aromatics via 
Mo/H+ZSM-5 when using a temperature of 623 K with an overall pressure of 6.89 MPa.  
Table 1.5 shows the different bifunctional catalysts, conversion rates and their product 
distribution percentages from different sources of literature.   
Syngas to DME 
The H2 and CO found in producer gas can also be used to form dimethyl ether 
(DME). The production of DME is similar to the creation of olefins in the bifunctional 
catalyst chemistry, but the process conditions are changed whereby the reactions take
place at reduced temperatures than that of hydrocarbon formations with the bifunctional 
catalysts. DME is used as a nontoxic propellant in aerosol formulations to replace 
chlorofluorocarbons. Other uses of DME include being used as an ultra-clean fuel 




other high-value chemicals.  Hybrid catalysts containing high-silica HMCM-22 zeolites 
have been used for this process [101]. Bifunctional catalysts made up of a mixture of a 
methanol synthesis catalyst and a methanol dehydration catalyst can also be used for this 
process [101-106], and this step is shown by equation 1.21.   
2CH3OH  CH3OCH3 + H2O (1.21) 
A recent study [102] involving a catalyst made up of CuO–ZnO–Al2O3 and an 
antimony oxide modified HZSM-5 zeolite produced a DME yield of 65.6%. 
Isobutane and Isobutene from H2 and CO 
The term isosynthesis has been used to describe the synthesis of isobutane and 
isobutene (isobutylene) by the hydrogenation of CO [107-112].  These chemicals are 
used in the petrochemical industry as an important reactant in the synthesis of other high-
value products including isooctane. A yield of approximately 7% isobutene was 
produced in a study by Postula et al. [113] over a 7 wt.% Ce-ZrO2 using 5 MPa, 673 K 
and a CO to H2 ratio of 1. 
Aldehydes from H2 and CO (Oxosynthesis) 
Syngas from gasified biomass can be used in the oxosynthesis process which uses 
H2 and CO to hydroformylate olefins to form aldehydes.  Aldehydes are important 
because they can later be converted to many high-value chemicals such as detergents or 
polyvinyl chloride. As of 1996, the oxosynthesis process was the fourth largest 
commercial use of syngas [44]. Usually a 1 to 1 ratio of H2 to CO is used for the 
oxosynthesis reaction to create the desired products.  The oxosynthesis reaction is 




   
 
200 oC. An olefin combines with a metal to form a metal carbonyl complex, and then the 
olefin inserts into a metal-hydrogen bond to yield an alkyl metal carbonyl complex.  
Next, a CO molecule is inserted into the complex at the carbon-metal bond, followed by 
the insertion of hydrogen at the same point to yield an aldehyde [20, 114].  The chemical 
equation for this process is shown in equation 1.22, and products can either have straight 
chained molecules or a branched molecules.   
RCH=CH2 + CO + H2  RCH2CH2CHO + R(CH3)CHCHO (1.22) 
(n-isomer)  (iso-isomer) 
The catalysts that have the best activities and lifetimes include Co, Pt, Rh, and Ru 
catalysts. Commercial hydroformylation plants mainly run with the Co or Rh catalysts 
[20, 115]. Davy Process Technology Limited and the Dow Chemical company have 
developed the Low Pressure (LP) OxoSM Process to yield n- and iso-butyraldehydes from
propylene and syngas for conversion to other high valued products [116].  Their Rh 
catalyzed process has undergone continual improvement and along with being used with 
propylene, the technology has also been used for n-butenes to form a new plasticizer 
alcohol (2-propylheptanol). Their process has also been applied commercially to produce 
alcohols from higher olefins. The reactions are carried out at a temperature of less than 
100 oC and a pressure less than 20 bar. Propylene efficiencies as high as 97.5% have 
been shown to yield mixed butyraldehyde at the commercial scale [117]. 
Thermochemical Conversion of CH4 
High valued products can also be gleaned from other products (excluding 








further converted to high valued products including gasoline.  While methane levels may 
only be a small percentage of the output gas from gasification or as a product from
thermochemical conversions, a large scale gasification facility for a large scale high-
value product production plant (using syngas) can make use of methane to produce other 
high-value products (Figure 1.3).  A high selectivity of methane has also been shown to 
be produced from the reactions of CO and H2 to gasoline-range hydrocarbons [30] which 
could be thermochemically converted to produce more high-value products.  Generally 
there are two thermochemical pathways for converting methane to gasoline including an 
indirect, two-step process where methane is first converted to CO and H2 and then into 
hydrocarbons (e.g. by steam reforming over a nickel catalyst at temperatures of 700 – 
1100 oC from equation 1.23). 
CH4 + H2O  CO + 3H2 (1.23) 
There is also a direct pathway involving a reaction with an oxidizing species to 
give a desired hydrocarbon product [118-121].  Anggoro and Amin [118] used a 
W/3.0Cu/HZSM-5 catalyst to produce a yield of approximately 7.5% of C5+ 
hydrocarbons directly from methane.  Recently, direct synthesis of formic acid from
methane has been accomplished through the use of a HZSM-5 solid acid catalyst [122]. 
Thermochemical Reforming of CH4 using CO2 
CO2 reforming of CH4 can produce CO-rich H2 and CO (equation 1.24) which is 
similar to steam reforming (equation 1.25). 
CO2 + CH4  2CO + 2H2 (1.24) 
CO2 + H2O  CO + 3H2 (1.25) 
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Chang et al. [123] reported a 79% CO yield with a <0.1 coke formation (coke 
formation was defined as weight percentages of coke per hour of reaction time and 
weight of catalyst) using a KNiCa/ZSI catalyst with a 5.3 wt % Ni loading.  The use of 
these types of catalysts would be beneficial to produce hydrocarbons from the methane 
off-gas that is formed via a bifunctional catalyst using syngas for gasoline production or 
making use of the methane initially produced from biomass gasification. 
Methane to Methanol 
There have been many attempts to economically and directly convert methane to 
high valued products using solid acid catalysts including methanol [124-127], but this 
type of conversion is difficult because methanol is usually just an intermediate product 
which converts to higher alcohols quickly in thermochemical reactions at high 
temperatures.  A recent way of converting methane at a higher efficiency involves using 
an electrochemical cell [127].  Lee et al. [127] showed that methane could be directly 
converted to methanol using this type of process at a selectivity of 88.4% using a 































































































































































































































































































































































































































Thermochemical conversion of syngas to create high-value products can be 
furthered economically by using specific creation variables, modified catalysts to 
promote better conversion of CO to gasoline-range hydrocarbons, and by using biomass 
derived syngas absent of any contaminants that would retard the hydrocarbon production 
process. Bifunctional zeolite catalysts continue to be developed for maximum conversion 
of CO and selectivity to gasoline-range hydrocarbons. Having an understanding of the 
chemical mechanism of these catalysts and using the proper catalyst promoters at a 
specified level can help improve the efficacy of producing renewable fuels. Some
specific bifunctional zeolite catalysts can (unlike the traditional Fischer-Tropsch reaction) 
transform carbon monoxide and hydrogen into gasoline-range hydrocarbons via transition 
metal species and zeolites without the need of post-cracking or a separate down-stream 
catalyst for further transformation, which improves the economics of gasoline-range 
hydrocarbon formation.  Bifunctional catalysts are also used in a host of other process 
chemistries and with more research, more efficient chemical plants can be designed 
which will lower production costs and increase profitability.  Examples of catalysts 






Figure 1.3 Flow Diagram of multiple catalysts that can make use of producer gas to 
create high valued products 
To improve overall efficiency, process variables must be controlled adequately.  
Efficiency can also be improved by using all key products in producer gas without 
wasting the key components of CO, H2 and CH4 (through the use of efficient recycle 
loops). High-value products created with biomass feedstocks can be economically 




Biomass is a sustainable resource and organic waste is an underused resource that 
can be used to create syngas to use in thermochemical conversion processes.  One of the 
main challenges continues to be economically removing the poisons in the gas gleaned 
from organic waste products so that waste can become a useful feedstock in the creation 
of high-value products. There are many technologies being developed and by using a 
marriage of the technologies listed in this review, engineers can design thermochemical 
plants to produce high-value products and use the undesired products to either create 
more hydrogen and carbon monoxide as feedstocks used for the production of syngas 
derived high-value chemicals or use the undesired side products to create other types of 
high-value products such as alcohols. 
Figure 1.4 shows an example of a few pathways that could be used for mainly 
gasoline-range hydrocarbon production using recycle loops while showing the separation 
(or filtering) of certain molecules.  Figure 1.4 also shows utilizing the side products by 
using different catalyst to convert them into useful products.  Efficiency of these catalysts 
is essential to create high-value products at reduced prices. Figure 1.4 is a simplified 
example of showing the use of as much of the energy as possible contributing to heat 
exchange reactors and the use of catalysts in tandem with others to make use of certain 
side products. One way that the overall economic efficiency could be improved is if new 
technologies could be invented which could economically separate these molecules found 
in biomass derived syngas (Figure 1.4).  Some of the nitrogen can be used by being 
pumped back into the main producer gas stream to help control the temperature of 




to create ammonia.  This is just one proposed path to make use of multiple catalysts for 
one process system using a downdraft gasifier fed with air (hence the nitrogen), but there 
are a plethora of different pathways making use of different catalysts to economically use 
producer gas to manufacture specific high-value products.  One of the main obstacles to 
these types of technologies is developing membranes or low-cost separation techniques 
for the different components in the producer gas to create specific high-value products.  
Future research could help discover ways to cheaply separate carbon monoxide and 
hydrogen from other gas molecules that are created in gasification.  When efficient 
solutions to this problem are discovered, the products created from biomass will be much 
more competitive with products gleaned from petroleum and help increase the yields of 

























































































DESIGN OF A BENCH SCALE REACTOR SYSTEM USING GASIFIED BIOMASS 
OVER MO/HZSM-5 
This chapter has contains content that was published in the peer reviewed 
Transactions of ASABE and journal Fuel. 
Street, J., F. Yu, J. Warnock, J. Wooten, and M. G. White. 2012. Design and testing of 
a LabView controlled catalytic packed-bed reactor system for production of 
hydrocarbon fuels. Transactions of the ASABE. 55(3): 1047-1055. 
Street, J., F. Yu, J. Wooten, E. Columbus, M. White, and J. Warnock. 2012. Gasoline-
range hydrocarbon production using biomass derived synthesis gas over 
Mo/H+ZSM-5. Fuel. 96:239–249. 
Review of Zeolite Catalysts 
Catalysts with zeolites used in Fischer-Tropsch reactions can be used to 
selectively shape carbon chains by creating active sites for oligomerization, alkylation 
and isomerization [89].  The carbon chain growing reaction is controlled by the small 
porous nanospace found in certain zeolite catalysts, which can be used to produce 
specific gasoline-range hydrocarbons with a high octane level [90, 91]. Studies have 
shown that the most studied catalysts for Fischer-Tropsch reactions, such as iron, cobalt, 
nickel and ruthenium, develop into long chain hydrocarbons, which need post-cracking or 
isomerization to shorten them into liquid fuels.  The bifunctional catalyst Mo/HZSM-5 




need of post-cracking or a separate down-stream catalyst for further transformation [30].  
This particular reaction takes place when CO and H2 come into contact with molybdenum
and are converted to alcohol molecules.  Molybdenum carbides and sulfides are used in 
mixed alcohol synthesis [129-131]. The reaction continues when the alcohol comes in 
contact with the solid acid sites of the catalyst and dehydration occurs, giving way to an 
olefin. When syngas reacts with Mo/HZSM-5, lower olefins undergo oligomerization, 
followed by hydrogenation, which gives way to aromatic hydrocarbons. 
There is a variety of reactor configurations that can be used for the liquid 
hydrocarbon conversion of gasified biomass (producer gas).  The most preferred reactor 
configuration will give the highest selectivity of gasoline-range hydrocarbons with 
minimal temperature variation throughout the reactor.  Reactor configurations for the 
conversion to liquid hydrocarbons include fixed and fluidized bed reactors [30, 132-134].  
Both of these types of reactors have advantages and disadvantages.  The advantages of a 
fluidized bed reactor include that the catalyst particles are easy to inject and replace.  This 
type of reactor improves the possibility of maintaining an isothermal reactor procedure.  
Disadvantages of this kind of reactor include that the reactor material requires high 
mechanical strength, and there is a higher possibility of erosion of the catalyst particles 
and reactor [135]. 
To help control the extreme temperature changes by the heat of reaction, fixed 
bed multi-tube reactors allow the ability to have nearly isothermal conditions within the 
reactor, but this type of system is inconvenient to install for high capacity industrial 
plants. Processes of converting hydrocarbons from methanol and synthesis gas (syngas) 





reactors, fixed bed tubular reactors and monolithic reactors with parallel tubes using 
catalyst deposits in the walls [135]. Efforts to test various reactor configurations could be 
attempted to find the highest conversion to gasoline-range hydrocarbons and temperature 
control, but a scaled-up design similar to what was used in the study done by Liu et al. 
[30] was used because of the success of hydrocarbon formation. 
The system required the ability to properly maintain and control temperature, 
flow-rate and pressure to convert syngas into gasoline-range liquid hydrocarbons using a 
specific catalyst studied by Liu et al. [30].  Liu et al. [30] discovered the catalyst, 
5%Mo/HZSM-5 (SiO2/Al2O3 =50), had a 54% conversion rate of CO at 350 oC and a 
68% conversion rate of CO at 380 oC that was later reduced to a 62% conversion rate 
because of catalyst deactivation at 380 oC within 20 hours on-stream.  Although the 
optimum temperature for production of the gasoline hydrocarbons using the Mo/HZSM-5 
catalyst for the scale-up of the reactor system may be higher than 350 oC, the temperature 
of 350 oC was used in order to keep the catalyst from undergoing this deactivation at or 
near 380 oC. 
The system was built to have the capability to maintain a certain set-point
temperature without any major fluctuations.  Sustaining certain temperature equilibrium 
is complicated by the fact that exothermic reactions take place within the reactor.  As a 
result of this fact, highly regulated temperature controls and multiple levels of heating of
the reactor were used to help maintain a consistent temperature throughout the reactor.  
Using a reactor system that is able to maintain constant pressure and flow rate on the 
catalyst is also very important.  Pressure highly influences gasoline-range hydrocarbon 






experiment than in Liu’s study, a higher pressure of approximately 1300 psig was used 
on the system. The producer gas did not consist of pure syngas and had a composition of 
19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, and 1% O2. 
Liu et al. [30] showed that at a partial pressure of 250 psig for both hydrogen and 
carbon monoxide, gasoline-range hydrocarbons were successfully created.  A pressure of 
1300 psig was used as the total pressure to provide the system with partial pressures of 
hydrogen and carbon monoxide near the 250 psig required for hydrocarbon production to 
take place. The CO conversion rate and the partial pressure on the system for the CO gas 
are directly related so that up to a certain point, the more pressure that is able to be put on 
the system, the higher the conversion rate will be based on the chemical kinetics. 
Temperature Control with Inert Gas
In order to remove the heat created from highly exothermic reactions, high rates 
of heat exchange must be maintained by high flow through the reactor.  A near turbulent 
flow of syngas through the reactor is needed on the catalyst to provide this heat exchange 
so that severe coking and deactivation that occur by the breaking down of the catalyst’s 
structure can be prevented. The Reynolds number for a packed bed (Rep) is given by 
equation 2.1. 
DpVs  Re p   (2.1)(1 ) 
Where Dp is the spherical diameter of the packed bed particle,   is the density of 
the fluid,   is the dynamic viscosity of the fluid, Vs is the superficial velocity given by 







V   (2.2)s A 
Where Q is the volumetric flow rate of the fluid (4.5 SLPM) and A is the cross-
sectional area of the catalyst bed (the catalyst bed diameter was 0.742 inches).   
  b  (2.3)p 1 
Where ρp is the particle density and ρb is the build density (the weight of clean 
material per unit bulk volume as packed in a column).  To properly ascertain the 
Reynolds number using equation 2.1, 1 gram of the Mo/HZSM-5 zeolite was dropped in 
a volume of water.  To obtain the particle density, the volume of water that was displaced 
by the catalyst was used to calculate the particle density of 1.67 g/mL.  This value 
compares well with a study done by Popescu et al. [136] wherein the particle densities of 
modified zeolites were measured.  The bulk density was found to be 0.42 g/mL. 
The catalyst particles were not perfect spheres, but to estimate the Reynolds 
number the value of their diameter (0.25 inches) was used.  This particle size was used 
because the mesh used to cut the catalyst into pieces was the approximate diameter of the 
particle size discussed by Turton et al. [137] for reactor heuristics.  The Reynolds number 
was estimated by using the density and dynamic viscosity of air at 315 oC and 1000 psi.  
Based on the above values, the Reynolds number was found to be 9847.  This Reynolds 
number corresponds to a turbulent flow because Rhodes [138] mentions that for a packed 
tube, fully laminar conditions are classified by a Reynolds number less than 10, and fully 
turbulent flow is maintained at a Reynolds number of 2000 or greater.  The scale-up of 




for this particular catalyst but with this Reynolds number, the ability to transfer heat 
thoroughly throughout the reactor was effective enough to control the exothermic 
reactions and allow production of liquid hydrocarbons. 
Materials and Methods 
Reactor Components
The packed column reactor tube was assembled using two 2” cube 316 SS blocks 
and a 24” long 316 SS pipe.  Stainless steel was used because it would not react with the 
syngas and would not rust when in the presence of water.  Stainless steel is also more cost 
efficient compared to other metals of the same strength and had the ability to deal with 
the temperature profiles of the exothermic reactions.  The 316 SS blocks were tapped 
using 1” NPT to be able to cling to the reactor tube and two other 0.25 inch NPT taps for 
each block were used to insert fittings attached to temperature probes to record the 
temperatures within the reactor as shown in Figure 2.1.  The reactor had a catalyst bed 
length of approximately 18 inches (or a volume of 52.4 mL to obtain the appropriate 
GHSV using a flow rate of 4.5 SLPM) with approximately 4 inches of free space above 
the top of the catalyst bed to help pre-heat the syngas before the syngas came in contact 
with the catalyst.  This spacing also helped keep the Teflon tape seal from becoming 
overheated to the point of failure. Below the catalyst bed was 2 inches of free space to 
keep the Teflon tape from being overheated.  The profile probe thermocouples 
throughout the catalyst bed were spaced every 2 inches.  
The catalyst bed was supported by a 304 SS wire mesh with a square size of 0.009 
inches. Before entering the reactor, the catalyst was filtered over a 0.0625 inch wire 





      
   
particles were cut into oblong slab particles that ranged in diameter values (0.15 - 0.25 
inches) nearly equivalent to the reactor heuristics from Turton et al. [137] for a fixed bed 
reactor. A schematic of the reactor can be seen in Figure 2.1 
Figure 2.1 Bench Scale Reactor Schematic which used syngas over Mo/HZSM5 
Syngas made up of the following compositions were used: Airgas - 40% H2, 20% CO, 
12% CO2, 2% CH4, 26 % N2, Airgas - 19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2 and 
producer gas 19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, and 1% O2
System Components 
The system was created using 0.25 inch 316 SS tubing, two 316 SS tank 
regulators, two 316 SS ball valves, two 316 SS 15 micron filters, two Brooks Instruments 




pressure transducers, one 316 SS rupture disk (with a rupture pressure of 1900 psi), two 
cube 316 SS, 2 inch blocks with one 24 inch,316 SS pipe used in the making of the 
reactor, a 36 inch long coiled condenser made out of 0.25 inch and 0.375 inch 316 SS 
tubing inserted into an ice/salt bath, one 316 SS sample cylinder 4 inches in diameter and 
18 inches long that was used as a gas/liquid separator inside an ice/salt bath, one 316 SS 
back pressure regulator, one Calibrated Instruments wet test meter (Hawthorne, NY), one 
316 SS needle valve and one 316 SS pressure reducing regulator were used to build the 
system.  The equipment for the system was made to withstand pressures far greater than 
the maximum pressures on the high pressure tanks used at the beginning of the system.  
The LabView software program (National Instruments, Austin, TX) was used to read and 
control the temperature and gas flow rate of the system.  The temperature of the heating 
coils was governed by a relay circuit board controlled by LabView which read 
thermocouple data on the inside and outside of the reactor. 
The syngas began by flowing through a mass flow controller that regulated the 
flow. The syngas then flowed into the reactor to react with the Mo/HZSM-5 catalyst.  
Mixed products formed in the reactor flowed into a condenser and then into a gas/liquid 
separator while the wet test meter monitored the gas leaving the system.  Gas 
chromatography (GC) was used to determine the composition of the gaseous products
leaving the system and determined whether or not liquid products were being created 
directly after coming in contact with the Mo/HZSM-5 catalyst.  The liquid products were 







LabView Control Program 
A LabView program was created to control and monitor flow rate of the syngas 
along with the temperature of the reactor.  Multi-element thermocouples were 
programmed with LabView software to account for the exothermic reaction caused by the 
Mo/HZSM-5 catalyst. Five independent heating coils were used to keep the reactor at a 
stable temperature.  Multiple arrays were used to read each of the temperature values at 
different levels in the reactor. One temperature reading was used for two grouped 
thermocouples that were in close proximity to the corresponding heating coil.  Heating 
coils were turned on or off by a relay switch circuit board that was controlled by the 
temperature of the corresponding thermocouple. 
The algorithm in the LabView control program considered rapid temperature 
changes and adjusted the heating coils accordingly with the use of the relay switch.  If the 
temperature was rising too rapidly, the program turned the heating coils off until the rate 
of heating was more desirable.  If a temperature drop occurred too rapidly near the set-
point temperature, the program compensated by turning the heating coils on until the rate 
of cooling became more desirable to help maintain temperature equilibrium. The 
algorithm was written to maintain relatively close temperature equilibrium, regardless of
an exothermic reaction occurring within the reactor. 
The flow rate of syngas and helium flowing through the system also was
controlled and read into the program.  Source code was obtained from Brooks 
Instruments and implemented into the LabView program to control as well as read the
flow-rate into the system using Brooks Instruments mass flow controllers.  A pulse 
generator was obtained from Calibrated Instruments to be used along with the wet test 
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meter with a National Instruments USB-600 multifunction data acquisition device 
module to record the total volume of gases flowing through the meter.  This same module 
was used to record the pressures from transducers before and after the reactor.  A 






































































































































































Five rolls of 120 voltage-alternating current heating tapes were used to heat the 
outside of the reactor. Each roll of tape was 2 feet long and used 52 Watts per foot.  To 
control these rolls of heating tape, an RS-232 8-channel 10 amp single pole, double throw 
relay switch circuit board was used (obtained from iorelay.com).  Five channels were 
used on the relay switch circuit board to accommodate the 5 coils of heating tape.
There were a total of 11 thermocouples in the reactor.  One thermocouple (I0 in 
Figure 2.1) recorded the temperature of the syngas in a 4-inch-long vacant portion of the 
reactor before the syngas made contact with the catalyst.  Ten other thermocouples 
located inside the reactor were placed every 2.5 inches from the tip of a multiple 
thermocouple probe (obtained from omega.com).  One relay switch corresponded with 
heating tape located in a certain section of the reactor. Eight K-type thermocouples were 
used throughout the inside of the reactor dealing with the catalyst.  (Eleven 
thermocouples were used throughout the inside portion, but only 8 corresponded with the 
temperature of the heating of the catalyst bed.)  The outside of the reactor contained 6 
different thermocouple locations (Figure 2.1). 
A simple algorithm was written to take into account the change in temperature in 
a section of the reactor and respond to that change by either turning on a section of 
heating tape or turning it off.  The heating of the reactor was broken up into four sections 
(Figure 2.1) with a pre-heater in which five relay switch channels related.  A total of 5 
thermocouples were used that corresponded with the feedback loop in the LabView 
program to cause relay switch channels to turn on the heating tape that corresponded to 








I7 in Figure 2.1. Every 2 seconds, a reading was recorded, and the logic portion of the 
algorithm would decide to turn a specific heating coil on or off.
The very first relay channel corresponded to thermocouple I1.  This relay channel 
acted as a pre-heater in correlation to the heating tape that was wrapped around a section 
of tubing before the syngas actually reached the reactor.  This heating tape was activated 
by the first relay channel if the top of the catalyst bed temperature with an addition of 50 
oC was lower than the set-point temperature.  If the temperature in the top of the catalyst 
bed with an addition of 50 oC was higher than the set-point temperature, the first relay
switch channel would turn off the heating tape.  The first relay switch channel’s Boolean 
switch logic is given by equation 2.4. 
Top of Catalyst Bed Temperature + 50 oC < Set-point Temperature (2.4) 
If this statement was true then heating would occur, while if it was false no 
heating would occur. The second through fifth relay switch channels each dealt with four 
sections of the reactor. The second relay channel corresponded with heating a section of 
the reactor dealing with the top portion of the catalyst and is shown as HT-2 in Figure 
2.1. This relay channel switched on and off based on an array of temperatures that were 
collected.  An algorithm was written to accommodate the extreme exothermic reaction
that took place by turning off the relay channel if the temperature was within 10 degrees 
of the set-point temperature or if the increase in temperature from one index to another in 
the array was too large. If the increase in temperature was greater than 0.30 oC for a 2 
second period, the set-point temperature was automatically decreased by 200 oC within







temperature set-point, the relay switch channel would turn off and cause the heating tape 
to turn off as well for that specific section of the reactor.
Another part of the algorithm was written to accommodate the cooling of the 
reactor. If the temperature was above the user’s set-point and then started to drop so that 
the decrease in temperature from one index to another in the array was too large and a 
specified value away from the set-point temperature, the heating tape would be activated.  
If the decrease in temperature was greater than 0.20 oC for a 2 second period, the set-
point temperature was automatically increased by 5 oC within the program so that if the
current temperature was within 5 oC of the user’s temperature set-point, the relay switch 
channel would turn on and cause the heating tape to turn on as well.  If the decrease in 
temperature was greater than 0.25 oC for a 2 second period, the set-point temperature was 
automatically increased by 10 oC within the program so that if the current temperature
was within 10 oC of the user’s temperature set-point, the heating tape was switched on for 
that specific section of the reactor.  Each of the other heating bands were controlled in the 
same way.  A simplified flow diagram of the temperature control program using the 






Figure 2.3 Simplified Flow-Sheet of the Temperature Control Algorithm of  Bench 
Scale Reactor System which used syngas over Mo/HZSM5 
The graphical user interface (GUI) shown in Figure 2.2 displayed whether or not 
the reactor was heating or cooling in certain sections based on the array of temperature 
data collected from each thermocouple.  Each relay switch channel’s position was 








The syngas and helium flow controllers were controlled by proportional-integral-
derivative (PID) software obtained from Brooks Instruments.  The software source code 
was modified to allow the implementation of the heating control and the flow control 
program to coincide within the same LabView program.  The software allowed the user 
to input a flow rate in standard liters per minute (SLPM) and this information was related 
to the Brooks Instruments control box (model 0154).  The control box communicated 
with each of the flow controllers, and they regulated the flow rate of the syngas.
Catalyst Preparation
The experiments using the Mo/HZSM-5 catalyst were carried out using 125 mL
(52.4 g) of catalyst at a GHSV of 2160 h-1. The overall pressure for each test was 
increased to 8.97 MPa to attain reported (Liu et al. 2009) partial pressures of 1.73 MPa 
for H2 and CO that had successfully created gasoline-range hydrocarbons.  The method 
for preparing the catalyst was identical to the method used by Liu et al. (2009).  The 
Mo/Zeolite was prepared by incipient wetness impregnation of (NH4)6Mo7O24-4H2O 
(Fisher Scientific) aqueous solution with the ammonium form of ZSM-5 (SiO2/Al2O3 = 
50) obtained from Zeolyst International using 5% Mo loading.   
The samples were calcined in an oven at 773 K for 3 h.  The samples were later 
pressed using approximately 6.9 MPa of pressure and then broken up into approximately 
3.8 - 5.0 mm diameter oblong particles for the testing.  The samples were then calcined in 
on-stream in the reactor tube at 773 K for 3 hours using 2.5 SLPM of compressed air.  
After the catalyst was calcined using compressed air on-stream, the method mentioned by 






and 50% CO mole ratio.  A pretreatment GHSV of 2160 h-1 was used for 1.5 hours. To 
remove any molecules that may have formed in the reactor, a pressure of 3.45 MPa of 
helium was used to repeatedly purge the system of any molecules that could have been 
created from the pure H2 and CO syngas. 
Gas Preparation 
Syngas obtained from Airgas with a 2:1 mole ratio of H2 to CO (40% H2, 20% 
CO, 12% CO2, 2% CH4, and 26 % N2) was used to show the maximum amount of liquid 
products that could be obtained under ideal stoichiometric reactions if the gasifier was to 
use an oxygen feed and undergo the water gas shift (WGS) reaction.  Another syngas mix 
from Airgas was obtained to test an ideal syngas contaminate-free situation that would 
mimic our particular downdraft gasifier (air fed).  This mix’s molar ratio of gases was 
comparable to the mole ratio of the producer gas and consisted of a near 1:1 mole ratio of 
H2 to CO (19% H2, 20% CO, 12% CO2, 2% CH4, and 47 % N2). To prepare the producer 
syngas, a feedstock of woodchips was converted to syngas with a down-draft gasifier 
(Community Power Corporation Bio-Max, Littleton CO).  Unlike the clean syngas, the 
producer gas contained certain impurities.  This syngas was made up of a near 1:1 mole 
ratio of H2 to CO (19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, and 1% O2). The 
oxygen in the producer gas is not a usual product of the gasification process, and the 
oxygen content in the producer gas was attributed to leakage of the gasifier or 
compressor. 
After running a few preliminary tests, it was discovered that the producer gas 
caused deactivation of the catalyst approximately 4 hours into the experimental run.  




reactor decreased with respect to time after the 4th hour of testing. Impurities of the 
producer gas (before being scrubbed) included 107.1 ppm of NOx (nitrous oxides) and 
3.5 ppm of NH3 (ammonia). Ammonia has been reported to poison strong acid sites of 
zeolite catalysts (Garcia 1996), and it has been shown that large amounts of ammonia can 
be stored in the zeolite structure (Sloss 1992).  Ammonia is a strong base and is attracted 
to both the Lewis and Brønsted acid sites to poison the acid portion of the catalyst by 
forming a salt.  The ammonia ceases or severely retards the catalyst process by forming a 
salt complex which blocks the ability of the acid sites to dehydrate the alcohol molecules 
or oligomerize the olefins to form aromatics.  A similar catalyst poisoning by this type of 
reaction was shown by Essayem et al. (1997) and revealed that most of the acidic sites 
disappeared and were replaced by salts from the acid/base reaction.  Due to this fact, the 
producer gas was bubbled through a water scrubber to remove the ammonia.  After the 
cleaning process, the gasifier syngas flowed through a tank containing silica gel desiccant 
to dry the syngas so that no water would be present.  Directly after cleaning, the gasifier 
syngas underwent compression using a 2-stage pneumatic air pump obtained from
Hydraulics International (Chatsworth, CA) and was compressed to approximately 13.79 
MPa to fill 141.5 ft3 tanks.  Three test repetitions of each syngas mix were performed to 
determine the feasibility of using the Mo/HZSM-5 catalyst with producer gas reactants on 
an industrial scale. 
CO Conversion and Selectivity Methodology 
The total amount of synthesis gas that passed through the catalyst, the average 
pressure through the reactor and the average temperature through the reactor were 
calculated using the data collected.  By using these values along with a sample cylinder 
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of gas as a standard, the area of the inlet and outlet gas, and the ideal gas law, the number 
of moles of gas for the inlet and outlet of each of the different molecules of gas were 
determined.  These values were used to find carbon monoxide conversion and selectivity 
of products by the following equations. Due to the fact that nitrogen was inert in the 
system, it was used as the internal standard for the CO conversion calculation and the CO 
conversion was found from equation 2.5. 




0 0Where C CO is the concentration of the CO in the output gas, C N 2 is the 
concentration of N2 in the output gas, CCO  is the concentration of CO in the input gas, 
and C N 2  is the concentration of N2 in the input gas. The selectivity of the products was 
calculated based on hydrogen and carbon monoxide given by the equation 2.6. 
Amountof productcreated (mol)
Selectivity (%)  100 (2.6)
Amountof substrateconsumed(mol) 
The liquid products were weighed for mass and measured for volume, and then 
the percentage of the amount of each specific component was measured by gas 
chromatography and mass spectra (GC-MS) analysis. 
Results and Discussion
Testing Three Different Gas Mixes Using Mo/HZSM-5 
An online GC was added directly after the reactor to find out if any hydrocarbons 
could be created using similar reactor conditions as Liu [30].  After testing using the 







showed that the hydrocarbon peaks were created at the beginning of the test, but about 4 
hours into the test, these peaks became less pronounced and finally disappeared.  The 
producer gas was tested, and traces of ammonia were found in the producer gas.  The 
producer gas was then scrubbed with water, and then three tests were performed 
containing the following mole percentages of gases to show if there were issues with 
stoichiometric ratios in the gas and contaminants for hydrocarbon formation:   
1. 40% H2, 20% CO, 12% CO2, 2% CH4, 26 % N2 (Airgas syngas) 
2. 19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2 (Airgas syngas) 
3. 19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, 1% O2 (producer gas) 
The catalyst was pre-treated with 50 percent (mole %) of H2 and 50 percent (mole 
%) of CO instead of the producer gas to increase the molybdenum carbide and oxide 
production as was done by Liu et al. [30]. After the pretreatment, to remove any 
molecules that may have formed in the reactor, a pressure of 500 psig of helium was used 
to purge the system multiple times to flush out any molecules that could have been 
created from the pure H2 and CO syngas. 
The amount of catalyst was increased to 125 mL or 52.4g, and the flow rate was 
reduced to 4.5 SLPM or a GHSV of 2160 h-1. At first, a GHSV of 3000 h-1 was used, but 
because of the larger reactor size and the increase in capacity of catalyst, the heat could 
only be reasonably controlled when the GHSV was reduced.  The reduction to a GHSV 
of 2160 h-1 increased the total residence time for the syngas in the reactor which would 
cause greater gasoline-range hydrocarbon selectivity.  The overall pressure for each test 
was increased to 1300 psig to attain reported [30] partial pressures of approximately 250 








    
   
   
   
   
To test an ideal situation, a clean syngas (Airgas) 2:1 mole ratio of H2 to CO 
(40% H2, 20% CO, 12% CO2, 2% CH4, 26 % N2) was used to show the maximum amount 
of liquid products that could be obtained under ideal stoichiometric reactions with a mole 
ratio of gases closely related to the downdraft gasifier.  To test an ideal contaminate-free 
situation from our particular downdraft gasifier, a clean syngas (Airgas) mix equivalent 
to the mole ratio of the gasifier was obtained.  This mix was a near 1:1 mole ratio of H2 to 
CO (19% H2, 20% CO, 12% CO2, 2% CH4, and 47% N2). The mole ratio percentages 
(19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, and 1% O2) from the gasifier were tested 
after being put through a water scrubber. Unlike the clean syngas, the producer gas mix 
contained certain impurities such as O2, NOx and ammonia. 
The minimum and maximum temperature values (in degrees Celsius) for each 
internal probe (I2-I7 shown in Figure 2.1) using the 2:1 syngas, 1:1 syngas and 1:1 
producer gas are shown in Figure 2.4, Figure 2.5, and Figure 2.6, respectively over the 9 
hour period that the syngas was in contact with the catalyst.  The figures show testing that 
was done in 3 replicates for each particular gas mix.  The temperature set-point was 350 
oC for all three replicates and Table 2.1 shows the minimum and maximum temperature 
values for each gas mix.    
Table 2.1 Minimum and Maximum Internal Temperature Values of three replication 
of tests with the Bench Scale Reactor system which used syngas over 
Mo/HZSM5 
2:1 Airgas Syngas 1:1 Airgas Syngas Producer Gas 
Minimum Value (oC) 223.5 249.6 266.2
Maximum Value (oC) 457.4 411.3   374.7
Gas Composition: 2:1 Airgas Syngas - 40% H2, 20% CO, 12% CO2, 2% CH4, 26 % N2,
1:1 Airgas Syngas - 19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2, Producer gas 19% 






   
Figures 2.4-2.6 with Table 2.1 show that the 2:1 syngas was the furthest from the 
desired set-point temperature, while the producer gas was the closest to the desired set-
point of 350 oC.
Figure 2.4 2:1 Airgas Syngas Minimum and Maximum Internal Temperatures for 
Three Repetitions with the Bench Scale Reactor system which used syngas 
over Mo/HZSM5 





    
Figure 2.5 1:1 Airgas Syngas Minimum and Maximum Internal Temperatures Three 
Repetitions with the Bench Scale Reactor system which used syngas over 
Mo/HZSM5 




 Figure 2.6 1:1 Producer 1:1 Gas Minimum and Maximum Internal Temperatures 
Three Repetitions with the Bench Scale Reactor system which used syngas 
over Mo/HZSM5  
  
 
Gas Composition: Producer gas - 19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, and 1% 
O2
The temperature was higher throughout most of the reactor for the 2:1 and 1:1 
syngas tests than the 1:1 producer gas tests. The higher internal temperature of these tests 
is due to the fact that the reactions took place at a higher rate than that of the producer gas 
test. The data in Figures 2.4-2.6 show that the heat of reaction was greater for the ideal 
clean stoichiometric situation and clean 1:1 Airgas syngas.  This is because the producer 
gas contained oxygen and other contaminants that hindered the reactions to form alcohol 






   
   
   
End-Product Results 
Figure 2.7 shows that the aqueous phase of the liquid products for the 2:1 Airgas 
syngas, 1:1 Airgas syngas and producer gas was 29.9  1.05, 10.4  0.35, and 7.8  2.2 
mL, respectively. Figure 2.7 also shows the liquid hydrocarbon (organic phase) 
production for the 2:1 Airgas syngas, 1:1 Airgas syngas and producer gas was 2.6  0.86, 
1.1  0.10, and 0.1  0.16 mL, respectively.  The greater the successful production in 
liquid hydrocarbons, the greater the temperature deviation and the more difficult it was to 
keep the temperature constant in the reactor.
Figure 2.7 Average Volume of Aqueous and Organic Phase Creation for each Syngas 
Mix using the Bench Scale Reactor system which used syngas over 
Mo/HZSM5 
Gas Composition: 2:1 Airgas Syngas - 40% H2, 20% CO, 12% CO2, 2% CH4, 26 % N2,
1:1 Airgas Syngas - 19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2, Producer gas/Wood 





   
   
   
Figure 2.8 Organic Phase Weight Percentage of Hydrocarbon Molecules Created 
using the Bench Scale Reactor system which used syngas over Mo/HZSM5  
Gas Composition: 2:1 Airgas Syngas - 40% H2, 20% CO, 12% CO2, 2% CH4, 26 % N2,
1:1 Airgas Syngas - 19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2, Producer gas/Wood 
Syngas 19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, and 1% O2
The 2:1 and 1:1 Airgas syngas tests each had 3 organic phase liquid samples to 
test, but the producer gas only produced 1 organic phase sample large enough to test 
using GC-MS. The weight percentage of the hydrocarbon molecules can be seen in 
Figure 2.8. The organic phase of the liquid was classified using GC-MS.  The 20 highest 
area results obtained from the GC-MS for 2:1 Airgas syngas, 1:1 Airgas syngas and 
producer gas organic phase products can be seen in Figures 2.9, 2.10 and 2.11, 


















































































































































































































































































































































































































   
   
    
   
   
   
 
 
    
   
 
Kim et al. [139] shows that the methane in the syngas could be the cause of the 
larger aromatic compounds that were formed.  The acid sites of their study showed that a 
similar catalyst was full of unsaturated aromatic carbocations corresponding to 
dehydrogenated naphthalene or methyl-naphthalene.   
Table 2.2 shows the elemental analysis of the aqueous phase of each syngas mix.  
These results showed that the liquid contained mostly water with less than 0.14 % carbon 
molecules. The elemental analysis of the organic phase of the 2:1 Airgas syngas is 
shown in Table 2.3. This revealed 88.63 % of the liquid contained carbon molecules.  
Elemental analysis of the hydrocarbons created via the other syngas mixes was not 
performed due to the small amount of the organic phase created using those mixes. 
Table 2.2 Elemental Analysis Results for Components in Aqueous Phase for each 
Syngas Mix using the Bench Scale Reactor system which used syngas over 
Mo/HZSM5 
Sample % Carbon % Hydrogen % Nitrogen % Remaining 
2:1 Airgas Syngas 0.09 11.03 0 88.89
1:1 Airgas Syngas 0.13 10.97 0 88.91
Producer Gas 0.10 11.05 0.01 88.84
Gas Composition: 2:1 Airgas Syngas - 40% H2, 20% CO, 12% CO2, 2% CH4, 26 % N2,
1:1 Airgas Syngas - 19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2, Producer gas/Wood 
Syngas 19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, and 1% O2
Table 2.3 Elemental Analysis Results for Components in Organic Phase 2:1 Airgas 
Syngas Mix using the Bench Scale Reactor system which used syngas over 
Mo/HZSM5 
Sample % Carbon % Hydrogen % Nitrogen % Remaining 
2:1 Airgas Syngas 88.63 10.24 0.18 0.95








   
   




Figure 2.12 shows the data for carbon selectivity for each syngas mix, and Figure 
2.13 shows the data for hydrogen selectivity for each syngas mix. 
Figure 2.12 Carbon Selectivity using the Bench Scale Reactor system which used 
syngas over Mo/HZSM5 
Gas Composition: 2:1 Airgas Syngas - 40% H2, 20% CO, 12% CO2, 2% CH4, 26 % N2,
1:1 Airgas Syngas - 19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2, Producer gas/Wood 







   
   
   
 
Figure 2.13 Hydrogen Selectivity using the Bench Scale Reactor system which used 
syngas over Mo/HZSM5
Gas Composition: 2:1 Airgas Syngas - 40% H2, 20% CO, 12% CO2, 2% CH4, 26 % N2,
1:1 Airgas Syngas - 19% H2, 20% CO, 12% CO2, 2% CH4, 47 % N2, Producer gas/Wood 
Syngas 19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, and 1% O2
The selectivity results do not add up to 100 %, and the reason for this is that some
molecules may not have been measured.  The GC column may have trapped certain 
molecules so they could not get through. Olefins and C5 gas phase hydrocarbons were to 
be expected in the off-gas [30, 140]. The analysis for 3 different gas mixes of syngas over 
Mo/HZSM-5 has been performed in this study.  This study showed the feasibility of 
using a larger reactor and an increased amount of catalyst than has been previously 
studied to show that the temperature in a 0.75 inch inner diameter reactor could be 
appropriately controlled to produce gasoline-range hydrocarbons using multiple heating 





be cleaned up well enough by using only a water scrubber to produce gasoline-range 
hydrocarbons, but the amount of hydrocarbons produced were less than the amount of 
hydrocarbons produced from clean syngas of similar molar ratios.  Based on the results, 
the higher partial pressure of key reactants and mole ratio of the 2:1 Airgas syngas 
produced more gasoline-range hydrocarbons than the other two 1:1 syngas mixes used.  
The 1:1 Airgas syngas produced the second largest amount of liquid hydrocarbons while 
the producer gas produced the least amount.  The amount of oxygen content in the 
producer gas was to blame for the higher carbon dioxide selectivity than in the other 
mixes.  Although the producer gas was scrubbed using a water scrubber, the liquid 
production was not as successful as the clean 1:1 Airgas syngas even though the two 
gases had similar molar percentages of gas components.  This shows that there are 
contaminates that retard the hydrocarbon-producing chemical reactions, and other gas 
cleaning methods need to be used to remove oxygen as well as other contaminates.  The 
internal thermocouples of the reactor show that the temperature varies due to trouble with 
heat transfer through the reactor, especially when the greatest amount of gasoline is 
created with the 2:1 Airgas syngas. Controlling temperature would be better 
accomplished by using cooling throughout the inside of the reactor and by using channels 
of a material with a high thermal conductivity throughout the reactor to dissipate the 
excess heat. Future values of temperature, pressure, and GHSV can be tested with more 
modification of the reactor and alterations of the temperature algorithm to discover the 












While the water scrubber used with the producer gas allowed for the production 
of liquid hydrocarbons, there were still some contaminates retarding the conversion to
gasoline-range hydrocarbons and this caused more than twice the amount of CO2
selectivity as compared to both the clean 2:1 and 1:1 Airgas syngas mixes.  It is widely 
accepted that the composition of gasoline-range hydrocarbons consist of hydrocarbons
whose boiling point falls within 50 oC - 200 oC and this is consistent with the major types 
of aromatic molecules produced in this study which is reflected in Figures 2.14-2.16. 
Figure 2.14 GC-MS Results for 2:1 Airgas Syngas Organic Phase Results Compared 
with 93 Octane Gasoline using the Bench Scale Reactor system which used 
syngas over Mo/HZSM5 










Figure 2.15 GC-MS Results for 1:1 Airgas Syngas Organic Phase Results Compared 
with 93 Octane Gasoline using the Bench Scale Reactor system which used 
syngas over Mo/HZSM5 





  Figure 2.16 GC-MS Results for Producer Gas Organic Phase Results Compared with
93 Octane Gasoline using the Bench Scale Reactor system which used 
syngas over Mo/HZSM5 
   
 
Gas Composition: 19% H2, 20% CO, 12% CO2, 2% CH4, 46 % N2, and 1% O2
Conclusions 
The Mo/HZSM-5 catalyst could be made economically viable by changing the 
creation variables and keeping temperature variability to a minimum, and this method 
could be a practical option to replace fossil fuels from biomass feedstock.  Increasing the 
GHSV of the syngas would increase the amount of syngas over the catalyst and therefore 
increase liquid hydrocarbon production, but this would also cause problems dealing with 
temperature control.  The increase of GHSV can be done if the temperature can be more 
adequately controlled. Controlling temperature would be better accomplished by using
cooling throughout the inside of the reactor and by using channels of a material with a 






and tube type heat exchange reactor. Future values of temperature, pressure, and GHSV 
can be tested with more modification of the reactor cooling system and alterations of the 
temperature algorithm to discover the optimum variables to produce the maximum
amount of specific gasoline-range liquid hydrocarbons. 
Safety Emphasis
The biggest safety concern for this research project was the hazardous gas carbon 
monoxide. Checking for leaks in the system and being sure to have a carbon monoxide 
meter near the lab workstation are major contributors to avoid health problems.  This 
issue was addressed by installing a carbon monoxide meter that interfaced with the 
LabView software to give a warning and even stop the flow of syngas if carbon 
monoxide levels became too high.   
Dealing with pressures near 1500 psig was also a potential health hazard.  If 
measures were not taken to ensure that the materials used can properly deal with the 
temperatures and pressures in the experiment, dire consequences can occur.  The tubing, 
valves, fittings, mass flow controllers, filters, meters, regulators, and sample cylinder 
were all carefully examined to be sure that they could handle the pressures that were 
required for this experiment.  This was done to ensure that no damage would be done to 
the equipment or operators.  The rupture disc used in the experiment was also used to 








LIQUID HYDROCARBON PRODUCTION OVER A K-FE-CO-MO/ALUMINA 
CATALYST USING GASIFIED BIOMASS
The results of this chapter were published in the peer reviewed journal 
Bioresource Technology. 
Yan, Q., F. Yu, J. Liu, J. Street, J. Gao, Z. Cai, and J. Zhang. 2012. Catalytic Conversion 
Wood Syngas to Synthetic Aviation Turbine Fuels over a Multifunctional 
Catalyst. Bioresource Technology. 127:281-290. 
Materials and Methods 
Producer Gas Preparation 
The producer gas was prepared in the same way mentioned in chapter 2.  Wood 
chips were gasified in the BioMax 25 gasifier (Community Power Corporation, Littleton, 
CO). The flow rate was set at 65 m3/hr and the LabView computer program adjusted the 
air injection rate and wood chip feed rate according to the setting producer gas flow rate.   
The producer gas composition was analyzed with an Agilent 6890N GC (Santa 
Clara, CA), which used a TCD detector, and argon was used as the carrier gas. The 
effluent producer gas contained approximately 47% N2, 21% CO, 18% H2, 12% C, 2% 
CH4, some water vapor and trace amount of other gases.  A syngas purification process 








Table 1.2 for the FTS process. The catalysts and adsorbents were selected from alumina-
supported metal catalysts, molsieve 13X, active carbon, silica gel and other high surface 
area materials. These catalysts and adsorbents were loaded into reactors in series. The 
reactor system was built to control the parameters of temperature, pressure, and flow rate.  
Catalyst Preparation
The catalyst preparation techniques are described by Yan et al. [141]. γ-Alumina 
was used as the support for the preparation of Fe promoted K–Co–Mo-γ-Alumina 
catalysts. The weight percent of Mo, Co, K and Fe was specified with the corresponding 
catalyst. Ammonium heptamolybdate, cobalt nitrate, iron nitrate, and potassium
carbonate (Sigma–Aldrich) were used as precursors for Mo, Co, Fe, and K, respectively.   
The catalyst samples were prepared with the aqueous incipient-wetness impregnation
method. The alumina pellets were ground to a 20-50 mesh size before impregnation, and 
the required amount of ammonium heptamolybdate was dissolved in water and 
impregnation was done at 80 °C, dried at 120°C for 4 hr, and then calcined at 350°C for 2 
hrs at a heating rate of 5°C/min. After this step, cobalt nitrate was impregnated at 80 °C 
over Mo/-Al2O3, dried at 120°C for 4 hrs, and then calcined at 350°C for 2 hrs at a 
heating rate of 5°C/min. Next, the iron nitrate was impregnated over the Co/Mo/-Al2O3
material at 80°C, dried at 120°C for 4 hrs, and calcined at 350°C for 2 hrs at a heating 
rate of 5°C/min. The final step involved dissolving potassium carbonate in water and then 
impregnating it with the Fe/Co/Mo/-Al2O3 material.  This final catalyst product was 





catalyst sample were 5 wt% molybdenum, 3 wt% cobalt, 5 wt% iron, and 3 wt% 
potassium. 
Catalytic reaction
The experimental analysis carried out by Yan et al. [141] involved the reaction of 
the synthesis gas in a continuous flow fixed-bed reactor system. Three grams of catalyst 
was used in the analysis. The system was purged by a helium flow for 30 min, followed 
by pre-reducing stage with a syngas mixture at 400 °C for 8 hr, then producer gas was fed 
into the system until reaching the desired pressure by slowly adjusting the system to the 
desired temperature. The Co-Mo provides the active sites to convert CO into a mixture of 
alcohols. Iron contains the hydrocarbon synthesis active sites for forming paraffins.  -
Al2O3 has the capability to dehydrate alcohols to paraffins, olefins, iso-paraffins, 
aromatics, and naphthenes, -Al2O3 acts as the isomerization catalyst to cause active 
components to restructure from straight chain paraffins to branched paraffins and 
naphthenes. Co–Mo/Al2O3 is used for hydrotreating and hydrocracking the catalyst to 
upgrade long chain paraffins to iso-paraffins, aromatics, and naphthenes.  Potassium that 
was used as a promoter to improve catalyst selectivity and stability.  The reaction was 
operated under the varied ranges of 250-400°C, a gas hourly space velocity (GHSV) of 
500 to 5,000 h-1 and a pressure of 500-1500 psi. 
Analysis of gas and liquid products using GC, GC-MS and DHA techniques 
The analysis of the gaseous product was carried out with an on-line Agilent 7890 
GC provided with two thermal conductivity detectors (TCD) and a flame ionization 




analyzed using an Agilent 7683B Series Injector coupled to an Agilent 6890 Series gas 
chromatograph system and a 5973 Mass Selective Detector (GC-MS). An Agilent DB-
WAXetr (50 m x 0.32 mm I.D., 1.0 μm) capillary column was used, and a constant flow 
of 1 mL/min (24 cm3/s) helium was used as the carrier gas with an injection temperature 
of 250 °C. One microliter samples were injected into the GC-MS with a split ratio of 
100:1. The temperature-programmed separation started at 40 °C for 5 min, and then the 
temperature was increased at a rate of 10 °C/min to 250 °C for 10 min. The FID detector 
worked at a temperature of 250 °C with helium makeup gas at 30 mL/min. For the MS, 
the transfer line and EI source temperature were 250 °C and 200 °C, respectively. 
Quadrupole conditions involved an electron energy of 70 eV and an emission current of 
150 μA. The syncrude samples were dried using sodium sulfate and run through an 
engine knock test (ASTM D2699; D2700), API gravity test, distillation range test (ASTM 
D86) and Reid vapor pressure test (ASTM 5191). The distilled syncrude samples with a 
boiling point between 110 and 310 °C were collected and analyzed.  The distillation 
column and procedure which was used are described in ASTM’s standard test method 
D2892. A commercial Jet A sample was also analyzed to compare to the liquid samples 
derived from the producer gas 
Detailed hydrocarbon analysis (DHA) was performed over a Perkin Elmer Clarus 
680 GC with a FID detector using the PIANO method. PIANO describes the method for 
determining the amount of paraffins (P), iso-paraffins (I), aromatics (A), naphthenes (N), 
and olefins (O) within a sample. A liquid sample with a volume of 1 microliter was 
injected into a 100-meter GC column with about 200:1 split ratio. A flame ionization 






up to 14. This method is based on ASTM test method D 5134-92 but uses a 100-meter 
capillary column instead of a 50-meter column. Any C15 compounds or heavier were 
reported as unknown compounds. The initial temperature of the GC injector was set at 
200 oC and held at this temperature for 43.15 min. The sample injector of the GC was 
heated to 450 oC at 100 oC/min and held at this temperature throughout the end of the 
test. A DHA analytical column (100m × 0.25 µm ID) was used to separate sample 
components. Hydrogen was used as a carrier gas with a flow rate of 100 mL/min. The 
initial oven temperature was held at 35 oC for 5 min, heated to 50 oC at 10 oC/min and 
held for 21.5 min.  Then, the oven temperature was ramped to 150 oC with a heating rate 
of 3 oC/min and kept at 150 oC for 4.67 min. The FID detector temperature was 250 oC 
with a hydrogen flow rate of 42 mL/min and an air flow rate of 450 mL/min. 
Results and discussion
Catalytic conversion of producer gas to liquid hydrocarbons 
The influence of different operation parameters (catalyst bed temperature, reactor 
pressure, and GHSV) on the behavior of the FTS process was studied by Yan et al. [141]. 
The research done by Yan et al. [141] showing the effect of temperature is shown in 
Figures 3.1 and 3.2. Figure 3.3 and 3.4 show the effects of pressure on the catalyst using 
pressures of 500, 750, 1000, and 1250 psig. Figures 3.5 and 3.6 show the experimental 










Figure 3.1 Effect of temperature on CO conversion and CO2 / hydrocarbon selectivity. 
Conditions: Producer gas at 1000 psig, 3000 h-1 GHSV, 3 g of catalyst on 
stream for 48-100 hr [141] 
Figure 3.2 Effect of temperature on liquid hydrocarbon distributions.  Conditions: 
Producer gas at 1000 psig, 3000 h-1 GHSV, 3 g of catalyst on stream for 










Figure 3.3 Effect of pressure on CO conversion and CO2 / hydrocarbon selectivity. 
Conditions: Producer gas at 310 oC, 3000 h-1 GHSV, 3 g of catalyst on 
stream for 48-100 hr [141] 
Figure 3.4 Effect of pressure on liquid hydrocarbon distributions. Conditions: 
Producer gas at 310 oC, 3000 h-1 GHSV, 3 g of catalyst on stream for 48-










Figure 3.5 Effect of GHSV on CO conversion and CO2 and hydrocarbon selectivity. 
Conditions: Producer gas at 320 oC, 1000 psi, 3 g of catalyst on stream for 
48-100 hr [141] 
Figure 3.6 Effect of GHSV on liquid hydrocarbon distributions.  Conditions: Producer 








Yan et al. [141] studied the time-on-stream effect on the performance of the K-Fe-
Co–Mo-γ-Alumina catalyst over a period of 160 hours.  Figure 3.7 shows that the CO 
conversion was 78.3% at the beginning of the reaction and then decreased gradually to 
72.5% after 160 h on stream. After 80 h on stream, no further change was observed over 
prolonged reaction times. 
Figure 3.7 Time on stream of CO conversion, hydrocarbon selectivity and distribution 
on the catalyst at 310 oC, 1000 psig, 3000 h-1 with producer gas [141] 
Analysis of liquid fuel from wood syngas 
The properties of syncrude fuel from producer gas, distilled fuels, and a 
commercial Jet A sample are listed in Table 3.1. The properties of the distilled sample are 
more similar to those of the Jet A sample, and these results show the successful synthesis 








    
    






Table 3.1 Comparison of syncrude fuel from syngas, distilled fuels and Jet Fuel JPA
[129]. 




Relative Density (g/mL) 804 810 815 
Reid Vapor Pressure @ 
100°F (37.8 °C) (psi) 
0.55 0.16 0.04
Percent Carbon 86.58 86.61 86.95
Percent Hydrogen 13.29 13.36 13.05
Bromine Number (Calc) 26.16 6.12 3.18
Total Oxygen Content 
(mass %)
0.1243 0.0252 0.0044
Freeze point (°C) -28.5 -37 -40 
Discussion
The K-Fe-Co–Mo-γ-Alumina catalyst composed by Yan et al. [141] had 
promising results and was able to convert syngas to jet fuel-range hydrocarbons in a 
single reaction step since the catalyst contains several paths to convert the gas to different 
end products. This catalyst shows promising results for further study in a pilot plant.  
The results from the effect of temperature is shown in Figure 3.1 and 3.2.  These results 
show that at 350 oC the product was more selective to liquid hydrocarbons and 
hydrocarbons of greater value than when produced at lower temperatures.  Figure 3.3 
and 3.4 show the effects of pressure on the catalyst using pressures of 500, 750, 1000, 
and 1250 psig. At higher pressures the product was also more selective to liquid 
hydrocarbons and hydrocarbons of greater value than at lower pressures.  Figures 3.5 and 
3.6 show the experimental results when using GHSVs of 500, 1000, 2000, 2500 and 3000 
. These results show that at lower velocities the higher valued hydrocarbons were 







The multi-functional K-Fe-Co–Mo-γ-Alumina catalyst was developed and 
successfully tested to catalytically convert producer gas to hydrocarbon fuels.  Liquid 
fuels were successfully synthesized from producer gas, and these fuels demonstrated
similar properties which are relatable to commercial fuels (Jet A). The results from this 
study show that further research to scale up from the lab is warranted to determine how 






DESIGN AND IMPLEMENTATION OF BENCH AND PILOT SCALE REACTOR 
SYSTEMS WITH INTERCOOLING OVER A K-FE-CO-MO/ALUMINA  
CATALYST USING GASIFIED BIOMASS
Work done by Yan et al. [141] in chapter 3 shows that the multifunctional catalyst 
(K-Fe-Co-Mo/Alumina) would be a great candidate for an industrial process. To 
determine if the producer gas used in chapter 3 was as clean as possible, similar tests 
were done with a 'clean' gas (store bought gas) to determine if it would perform similarly 
as gas derived from biomass over the multifunctional catalyst.  Another question 
answered in this chapter is whether or not it is possible to control the change in 
temperature due to the exothermic reactions when scaling up to a pilot scale plant. The 
idea of scale-up in this case refers to how much more volume of catalyst can be used 
inside the reactor. For instance, if a 2" schedule 40 pipe could be used instead of multiple 
1/2" tubes, approximately ten times the amount of money can be saved by using the pipe 
(just based on the material cost of the pipe alone).  Some of the volume will be lost due to 
fins or cooling lines, but there is still a significant savings that can be had by scaling up 
the amount catalyst that can be held in a greater volume.  The Hagen-Poiseuille equation 
shows that as volume increases, mass flow rate (and therefore concentration) of the 
reactants increases by a power of 4 and the heat generated by the reactants is proportional 











bench scale reactor system was to show the feasibility of thermochemically converting 
producer gas (from gasified biomass) into high-valued products including liquid fuels and 
whether or not controlling the exothermic reaction could be adequately accomplished 
with an inner diameter of 1.689 inches (and an intercooler) so that the scale-up of a 
system like this could be made more economical. 
Bench Scale Reactor Design with Intercooling 
The reactor design itself was complicated by the fact that the bottom flange was 
made specifically for the purpose of inserting cooling lines to control the heat generated, 
but care was taken to be sure that the ligaments (space separating the holes from each 
other on the flange) were wide enough to stave off mechanical failure according to 








   
Figure 4.1 Top-view drawing of the bottom flange used with the Bench Scale reactor 
with intercooling
Units: Inches 
The intent of this design was to utilize a non-standard flange, and a full design of 
the flange needed to be carried out in accordance to ASME UG-34. The minimum 
required thickness of flat circular heads, covers and blind flanges attached by bolts cause 
an edge moment and is calculated by the following equation (equation 4.1) which is 
equation 2 given in ASME UG-34(c). This equation shows that the flange must be a 
certain thickness to establish holes a certain distance apart.
    3/  1.9  /Gt d  C P S E  W h S E d       (4.1) 
The thickness t is calculated for both operating conditions and gasket seating, and 
the greater of the two values is the one that is used to determine the appropriate thickness 




















temperature and W from Formula (4) of ASME 2- 5(e) is used.  Where d is the diameter, 
or short span, measured as indicated in ASME UG-34, C is the factor depending upon the 
method of attachment of head, shell dimensions and 0.3 was used due to an RTJ seal 
(Figure k of ASME UG-34), P is the internal design pressure (ASME UG-21), S is the
maximum allowable stress value in tension from the table of stress values in UG-23, E is 
the joint efficiency, hG is the gasket moment arm, equal to the radial distance from the
center line of the bolts to the center line of the gasket seating, as shown in ASME Table 
2-5.2 and W is the total bolt load given for circular heads for Formulas (3) and (4), of 
ASME 2-5(e). 
UG-39(e)(1) states: “when the spacing between a pair of adjacent openings is 
equal to or greater than twice the average diameter of the pair, and this is so for all 
opening pairs, the head thickness may be determined by rules in UG-39(d)”.  UG-39 
(d)(2) states that when using Formula (2) or (5) of UG-34(c), that the quantity under the 
square root sign should be doubled.  Therefore, equation 4.1 becomes equation 4.2 which 
is used to ascertain the desirable flange head thickness for ASME standards using this 
flange design specifications. 
(4.2) 
When solving for t, the thickness calculated was much lower than the thickness of
the flange head which was planned to be created with the desired hole pattern (1.5 in 
thick).  The calculation also took into account an added safety factor using the 
appropriate allowable stress at the working temperature.  The flanges were sealed to 204 




    
because the flange functioned as a huge heat sink.   The warmest it became when the 
reducing the catalyst was approximately 80 degrees C.   
Product Condensation 
The condensation of products was extremely important for liquid hydrocarbon 
collection. The heat of vaporization was determined for the lowest hydrocarbon 
component that could continue to be a liquid at room temperature after it was collected 
from the system.  N-pentane was chosen and the equation to determine the heat of 
vaporization is shown below in equation 4.3. 
 760  5778.024  5 2ln P .mmHg ln   (  273.15   81.9246 1.17820810 (T10.41840ln T )   273.15) 101.325 T  273.15 (4.3)
Where PmmHg is the pressure (in mmHg) that the system will be running at and T 
is the temperature (in oC) which is being solved for. At a pressure of 1000 psig, it was 
found that a temperature of approximately 245 oC would be needed to start the 
condensation process. At 500 psig, the temperature would need to be approximately 200 
oC for pentane to start to condensate, and at 250 psig, the temperature would need to be 
approximately 155 oC for condensation to occur and the liquid trap was fabricated to 
collect the hydrocarbons of C5+ was actually held at 4 oC. 
Materials and Methods of the Bench Scale Reactor System 
The bench scale reactor system with intercooling was made up of the geometry 
shown in Figure 4.11. There were sections dealing with both the inert material and the 
catalyst particles.  For simplification purposes, this particular model only showed the 





reactor design (and what was used in this model) includes a reactor length of 24 inches, 
and a schedule 160, 2 inch nominal pipe which had a width (inner diameter) of 1.689 
inches. Two of the models contain cooling coils (with a geometry of rings to simplify the 
system) with each ring being 5.34 inches long and spaced 0.1 inches from each other.   
The concentrations of CO and H2 are based on values measured from the current 
downdraft gasifier used for the syngas creation process at Mississippi State University 
(18% H2 and 22% CO mole ratios at an overall pressure of 1000 psig).  A list of the 
variables used in the bench scale COMSOL model are shown in Appendix A.   
The specifications for each required variable pertaining to heat transfer was found 
at www.engineeringtoolbox.com [142-145]. The diffusivity for the syngas into the 
catalyst particle was based off of the experimental diffusivity of H2 into SiO2. The H2
into Ni diffusivity was used for the inert particle diffusivity due to similar conditions.  
These experimental results that were used can be found on page 518 of the book 
“Transport Phenomena” [146].   
Modeling the Bench Scale Reactor with Intercooling using COMSOL Multiphysics  
Fischer-Tropsch and alcohol intermediate reactions to produce hydrocarbons are 
notorious for exothermic reactions in which heat transfer issues can become a problem 
which result in thermal runaway.  Before the reactors were built, stipulations of heat 
transfer had to be investigated. Based on separate literature examples and preliminary 
work, the heat generation for these types of reactions were within the range of 0.05-1 
MW/m3 [27, 28]. The exact catalyst which was to be used in this study was initially 







equation) from literature used, the model was created so that heat transfer effects from
nitrogen were omitted and the greatest safety factor could be implemented.  Figure 4.12 
shows a schematic of the bench scale reactor which was used to determine the feasibility 
of scaling up further. 
COMSOL was used to computationally determine the temperature profile due to 
its ability to easily change the variables that contribute to the ability to effectively control 
the temperature.  Two different reactor models were used which both contained a level of 
0.5 liters of catalyst (200 g).  A calculated heat generation based on multiple literature 
rate equations [27, 28] was used in each of the models, and heat generation from
unpublished data was also used in each model to determine the accuracy of the models.  
The first equations implemented for the COMSOL models made use of the convection 
and diffusion equations. The diffusivity terms and reaction rate played a part in 
determining these particular equations.  These equations are shown in Appendix A. 
Small scale catalyst testing showed good reports of liquid hydrocarbon selectivity 
and yield at a 3000 h-1 gas hourly space velocity (GHSV); therefore, this GHSV (25 
SLPM) was used along with a catalyst bed volume of 0.5 L in the COMSOL 
Multiphysics steady state model.  The inert material was modeled with the 
thermodynamic properties of silica glass.  In a previous unpublished work, a pressure of 
approximately 300 psig was used with a syngas percentage of 44 % H2, 20% CO, 7% 
CO2 and 29% N2. This iron bifunctional catalyst showed a volumetric power (heat 
generation) of approximately 1.1 MW per m3, and this compares well to the same order 
of magnitude of heat generation from Blanks [28] and Montazer-Rahmati [27].  This 






the exothermic reaction and nitrogen was omitted in the model (for a greater safety 
factor). The cooling coils in the reactor were initially made out of 0.125 inch outer 
diameter (0.85 inch inner diameter) SS tubes (later these were changed to copper) and the 
model shows the maximum flow of water at 0.3 LPM which could flow through all three 
sections of the tubes. This is a steady state model, which means this is a model of when 
the reactor would reach an equilibrium that would occur after the reactor ran 
continuously with constant water flow until it reached a steady state.  The model made 
use of the convection, conduction, and diffusion elements of the syngas reacting with the 
catalyst. The model showed that with only external cooling and keeping the outside of 
the reactor at 573 K (Figure 4.2), the reactor would have a maximum temperature of 
716.13 K. The model showed that with just the coils themselves (Figure 4.3), the reactor 
would have a maximum temperature of 619.7 K.  The model also showed that with 
internal cooling (Figure 4.4), the reactor would only have a maximum temperature of 
596.22 K. Since the ideal temperature to run the reactor to produce the maximum yield 
and selectivity of highly valued hydrocarbons occurs within the range of 300 oC to 350 
oC, this 2-D model shows that some sort of internal heat transfer ability is required when 
using a reactor that has a 1.689 inch diameter. See the Appendix A for all the variables 

























Figure 4.4 Bench Scale COMSOL Model with Cooling Coils and Water Flow at 150 
oF 
LabView Control Program for the Bench Scale Reactor System 
A LabView software program (National Instruments, Austin, TX) was written to 








The temperature of the Carbolite tube furnace was governed by provided PID 
algorithms from Carbolite which interfaced with LabView.  The internal water cooling of 
the reactor was controlled by a separate PID algorithm (using the Cohen-Coon method) 
which controlled multiple proportional valves responding to the internal temperature 
thermocouples located within the reactor. Figures 4.5-4.7 and equations 4.4 – 4.6 show 
how the PID variables were determined.  
Figure 4.5 Method for Calculating the Process Gain, Kp, of both the Bench Scale and 








Figure 4.6 Method for calculating the time constant, Tp, of both the Bench Scale and 











   
 
1  T  0.5p 
K C   
p 
K p  Tc  0.5p  
Ti = Tp + 0.5θp
 Tpp  T   d  2T p  p  
Figure 4.7 Method for calculating the dead time, θp, of both the Bench Scale and Pilot 
Scale Reactors with intercooling
Equations 4.4, 4.5, and 4.6 show how the variables in Figures 4.5-4.7 were used 
to determine the controller gain (Kc), the reset time (Ti) and the derivative time (Td) 




Multi-element thermocouples were programmed with LabView software to 




were used to read each of the temperature values at different levels in the reactor.  One 
temperature reading was used for two grouped thermocouples that were in close 
proximity to their corresponding cooling coils inside the reactor.  The PID cooling 
algorithms consider rapid temperature changes and adjust the proportional valves 
accordingly to allow a certain flow of water into the 0.125 inch (outer diameter) tubes 
inside the reactor. The PID control made use of the internal model control (IMC) 
correlations for the dependent, ideal (non-interacting) PID form.  The values that were 
determined to be used by a flow rate of 5 SLPM were a proportional gain (Kc) of -0.51, 
an integral time (Ti) of 6.99 min and a derivative time (Td) of 0.01 min.  The flow-rate of 
gas flowing through the system was also controlled and read into the program.  Source 
code was obtained from Brooks Instruments and implemented into the LabView program 
to control as well as read the flow-rate in and out of the system using Brooks Instruments 
mass flow controllers and a mass flow meter.  To help with memory allocation of the 
computer, each hour the arrays containing the flow and temperature data were written to 
an excel file. The arrays stored in the computer’s memory were deleted to make room for 
more data. Consideration for an interruption in the experiment was given so that if there 
was a problematic issue, the data from the interrupted experiment would be written to an 
excel file so that the data for the experiment would not be lost.  If the temperature rose to 
a point above what the user would like or the flow rate fell below a certain set point that 
the user desired an alarm would sound, and an email and text message would be sent to 
the user alerting them of the problem.  A simplified flow diagram of the temperature 









Figure 4.8 Simplified Logic of the Bench Scale LabView Program for both the Bench 
Scale and Pilot Scale Reactor systems using the K-Fe-Co-Mo/Alumina 
Catalyst
94 

















































































Process Flow Diagram and Design of the Bench Scale Reactor System 
The producer gas from the gasifier was first compressed to approximately 50 psig. 
After compression, approximately 35-gallons of water was used to scrub the syngas and 
50 lbs of silica gel desiccant was used as the drying agent to remove moisture from this 
process before further compression took place.  The producer gas was later compressed to 
approximately 1500 psig using a 4-stage compressor from Centro, Inc. (Memphis, TN).  
The gasifier currently produces a mixture of gas with the following approximate molar 
quantities: 46% N2, 22% CO, 18% H2, 11% CO2, 2% CH4, 0.9% O2 with small amounts 
of other contaminates to the bifunctional catalysts such as NOx, and NH3. 
A list of components used to construct the system are shown in Appendix B.  The 
equipment for the system was made to withstand pressures far greater than the maximum
pressures on the high pressure tanks used at the beginning of the system.   The pressure 
regulated syngas flowed through a mass flow controller which regulated the flow.  The 
syngas then flowed into the reactor to react with the bifunctional catalyst.  Mixed 
products formed in the reactor directly flowed into a gas/liquid separator.  The wet test 
meter monitored the gas leaving the system.  Gas chromatography (GC) was used to 
determine the composition of the gaseous products leaving the system.  A process flow 
diagram of the system can be seen in Figure 4.10 showing the equipment.  Figure 4.11 


































































































Figure 4.11 Side View AutoCAD drawing of the Bench Scale Reactor System using 






Figure 4.12 Schematic of the Bench Scale Reactor System using store bought and 







Figure 4.13 Picture of the Bench Scale Reactor System with intercooling using store 






Internal and External Pressures on Tubing 
The following formulas shown as equations 4.7 and 4.8 were used from ASME 
standards (ASME B31.3) to determine the internal pressure at minimum yield for the 
tubing and pipe used on the system. 
2 E S W  t      
P1   (4.7)    
2 E S   W t 
OD 2 Y t 
P2   (4.8)ID 2 c 2 t 2 Y t        
Where P1 and P2 are the allowable internal pressure (psig), E is the quality factor, 
S is the allowable unit stress (1/4 the minimum tensile strength or 2/3 the minimum yield 
strength, whichever is less at the working temperature in psi), W is the weld strength 
factor of the joint used, t is the nominal wall thickness (in), OD is the outer diameter of 
the pipe or tube (in), Y is 0.4 (the factor used if the thickness is less than the OD/6), and c 
is the corrosion factor (0.0015 in was used in this case).  P1 and P2 are both calculated and 
the smaller of the two values is used in the determination of the maximum pressure that 
can be used.  Each of the pieces of tubing used had more than adequate thickness under 
these stipulations.
The external pressure was determined by the following method outlined in ASME 
(UG-28) standards for tubing diameter of 0.125 inches, a length of 60 inches and a wall 
thickness of 0.02 inches. (Where Do/t = 6.25 and is less than 10.  Where L/Do = 480 and 
is more than 50.)  The smaller of the values between Pa1 and Pa2 (shown in equations 4.9 
and 4.10) is the value that is used to determine the maximum allowable external working 







Pa1   0.0833 B(D t)o   
2S  1 
Pa2  1 Do t/  Do / t 
 (4.9)
 (4.10)
 Pa1 was calculated to be the smaller of the two which was greater than the
maximum pressure of 1000 psi that would be put on the system. 
Producer Gas Scrubbing 
From previous work [148] the presence of oxygen in the producer gas can affect 
the yield of desired hydrocarbons and increase the selectivity of CO2. Therefore, oxygen 
removal methods were used (with the same methods used in chapter 3) [141] and the gas 
was scrubbed to an O2 level of less than 1 ppm.  
Conversion and Selectivity Methods 
The total amount of synthesis gas that passed through the catalyst, the average 
pressure through the reactor and the average temperature through the reactor were 
calculated using the data collected.  By using these values along with a sample cylinder 
of gas as a standard, the area of the inlet and outlet gas, and the ideal gas law, the number 
of moles of gas for the inlet and outlet of each of the different molecules of gas were 
determined. Although the overall pressure used on the system was relatively high, 
investigating (by the Lee-Kesler method) the compressibility factors using the partial 
pressures of each component of the gas revealed that there was only a trivial difference in 
using the ideal gas law to determine the mass of the molecules present in the gas mixture 




the assumption of an ideal gas was made when dealing with the producer gas mixture.  
The ideal gas law is given by equation 4.11. 
pV = nRT (4.11) 
Where p is the pressure of the gas in atm, V is the volume in liters, n is the 
number of moles, R is the gas constant value 0.0821 (L*atm)/(mol*K), and T is the 
absolute temperature in K.  These values were used to find carbon monoxide conversion 
and selectivity of products by the following equations.  Due to the fact that nitrogen was 
inert in the system, it was used as the internal standard for the CO conversion calculation 
and the CO conversion was found from the same equation (equation 2.5) in chapter 2.  
The selectivity of the products was calculated based on hydrogen and carbon monoxide 
given by equation 2.6 in chapter 2.  The liquid products were weighed for mass and 
measured for volume, and then the percentage of the amount of each specific component 
was measured by gas chromatography and mass spectra (GC-MS) analysis. 
Methods of Liquid Analysis 
The Agilent 7890A GC system had an oven temperature profile of 50 °C for 9 min 
and then an 8 °C/min rise to 80 °C for 1.25min.  The schematic of the GC system can be 
seen in Figure 4.14.  The pressure profiles differed for each column throughout the entire 














Figure 4.14 Diagram of Columns, Detectors, and Carrier Gases Used with the Agilent 
7890A GC System. 
Table 4.1 Pressure profiles corresponding with each Column number shown in Figure 
4.14 






The Agilent 7683B (coupled to the Agilent 6890 GC and Agilent 5973 Mass 




and then the temperature was increased at a rate of 10 °C/min to 250 °C for 10 min.  An 
Agilent DB-WAXetr (50 m x 0.32 mm I.D., 1.0 μm) capillary column was used.  The 
Perkin Elmer Clarus 680 GC dealing with detailed hydrocarbon analysis had an initial 
oven temperature held at 35 oC for 5 min, then heated to 50 oC at 10 oC/min and held for 
21.5 min.  Then, the oven temperature was ramped to 150 oC with a temperature increase 
of 3 oC/min and kept at 150 oC for 4.67 min.  (The Perkin Elmer Clarus 680 GC dealing 
with detailed hydrocarbon analysis was done in the Forest Products Lab at MSU and uses 
a proprietary stationary phase and multiple columns.)  The samples were analyzed using 
the same methods outlined in chapter 3. 
Results of the Bench Scale Reactor System 
Multiple tests were run at various gas hourly space velocities (GHSVs) and tests 
were all conducted with the same prep time of a 240 hour reduction time at 750 oC with 
50% H2 and 50% N2 flowing at 0.5 SLPM and a pressure of 40 psig.  The producer gas 
was introduced to the system which had mole percentages of 46% N2, 22% CO, 18% H2, 
11% CO2, 2% CH4, 0.9% O2 and the pressure was slowly increased until the desired 
pressure was reached for testing.  After the producer gas was put through the gas cleaning 
system, the mole percentages were equivalent to what is shown in Figure 4.17 (53% N2, 
17% CO, 14% H2, 13% CO2, and 2% CH4). The producer gas and catalyst was prepared 
in the same way that is mentioned in chapter 3 (Yan et al. [141]).  Figure 4.15 shows the 
mole percentage of the raw producer gas from the gasifier.  Figure 4.16 shows the mole 
percentage of the store bought gas that had the same mole percentage as the raw producer 







store bought (Airgas) and producer gas after it was refined with the catalysts to remove 
oxygen and moisture. 
Figure 4.15 Raw producer gas mole percentage from the gasifier used for both the 












Figure 4.16 Airgas syngas mole percentage for both the Bench Scale and Pilot Scale 
Reactor systems using the K-Fe-Co-Mo/Alumina Catalyst
Figure 4.17 Airgas/Producer gas effluent from the gas refining system (+ 2%) for both





Reactor Tests with and without intercooling 
Figure 4.22 shows that the maximum temperature of the warmest section of the 
reactor and although the reactor with different flow rates and with intercooling the 
temperature was able to be maintained without issues at the GHSVs shown in Figure 
4.22. When the GHSV was increased to 858 h-1 the temperature increased to a point
where the exothermic reaction could not be controlled without slowing the flow rate.  
First, the reactor was pressurized to 1000 psig very slowly using a flow rate of 2 SLPM 
(659 h-1) at a starting temperature inside the reactor of 268 oC at the hottest part of the 
reactor and the temperature was steady over the course of an hour.  The flow rate was 
increased to 2.2 SLPM after 10 mins, then 2.4 SLPM after approximately 30 minutes 
after that. At approximately minute 60 (shown in Figure 4.18), the flow rate was 
increased to 2.6 SLPM (GHSV 858 h-1), and the temperature started increasing to the 
point that the reactor temperature could not be controlled without further heat dissipation 
(see Figure 4.18). The sudden temperature increase was halted by stopping the flow of 
the gas. For a GHSV of 858 h-1 or more with this catalyst with this volume, some sort of 






Figure 4.18 The Highest Temperature Section Located inside the Bench Scale Reactor 
with No Cooling at a GHSV of 858 h-1 using producer gas over the K-Fe-
Co-Mo/Alumina Catalyst 
Gas Composition in Reaction: 53% N2, 17% CO, 14% H2, 13% CO2, 2% CH4
The results of Figure 4.18 are not surprising due to the increasing amount of 
reactants available to the surface of the catalyst so that more reactions could take place 
per unit of time and compare well with what Rosenqivst mentions in his book on pages 






Figure 4.19 Rate of heterogeneous reaction as a function of fluid flow rate with 
increase mass transfer coefficient 
Adapted from Figure 5-6 of Rosenqivst [149] 
The following experiments were used to determine whether or not the same
products would be made at flow rates and lead to the conclusion that was shown above 
(that the reactor temperature could not be controlled with only the nitrogen that was a 
part of the syngas mixture after surpassing a certain flow rate). Multiple tests were run at 
various gas hourly space velocities (GHSVs) with a catalyst bed volume of originally 175 
mL (93.6 g). Based on TPR results the mass lost after reducing the catalyst at 750 oC was 
found to be 65% of the original so the assumed volume and mass for the catalyst used in 
this study was 113.75 mL and 60.84 grams, respectively.  
The purpose of this set of tests was to test the feasibility of the COMSOL model 
to cool the catalyst with the 1/8" OD copper lines and water flow.  The LabView PID 
would have the ability to control each section of cooling from 0-100 mL/min of water 
through each cooling section. These experiments were also used to determine whether or 







did not have a way to disperse the heat save for heat lost to the atmosphere through 
convection). Products would also be tested to see if the flow rate made any difference on 
products created and the amount that were created.  Figure 4.20 shows the carbon 
monoxide conversion and hydrogen conversion.  Figure 4.21 shows the liquid 
hydrocarbon yield in units of gram catalyst/(gram hydrocarbon*hr) with the bench scale 
reactor system that does use cooling. 
Figure 4.20 CO and H2 Conversion Percentage for the Bench Scale Reactor using 
producer gas over the K-Fe-Co-Mo/Alumina Catalyst 




 Figure 4.21 Liquid Hydrocarbon Yield from the Bench Scale Reactor using producer 
over the K-Fe-Co-Mo/Alumina Catalyst 
Units: (gram hydrocarbon)/(gram catalyst*hr) 
Gas Composition in Reaction: 53% N2, 17% CO, 14% H2, 13% CO2, 2% CH4 
Figure 4.22 shows that the maximum temperature of the warmest section of the 
reactor and the reactor was able to maintain the temperature without any issues at the 






Figure 4.22 Maximum and Minimum Temperature from the Warmest Section of the 
Bench Scale Reactor using producer gas over the K-Fe-Co-Mo/Alumina 
Catalyst
 Gas Composition in Reaction: 53% N2, 17% CO, 14% H2, 13% CO2, 2% CH4
The liquid results are shown in Table 4.3 and Figure 4.26 below.  Both of the 
liquid phases (organic and aqueous) were tested with the Agilent GC-MS.  The aqueous 
phase only showed some trapped gases in all the results.  The qualifications for the 
highest area percentage of the components in the organic phase for the reactor that used 
no cooling are shown in Table 4.2 and were the same for all the organic phase liquid 
hydrocarbon vials tested. Figure 4.26 gives the mass percentages of the organic phase 

















Table 4.2 Highest area percentage of organic phase components in the liquid from the 
multiple gas hourly space velocities tested using no reactor cooling






4.167 Hexane, 2,2,3,3-tetramethyl- 
5.196 n-Octane 







18.522 Decane, 2,5,9-trimethyl- 
Table 4.3 Highest area percentage of organic phase components in the liquid from the 
multiple gas hourly space velocities tested using reactor cooling. 







6.858 1,3-Cyclopentadiene, 5-(1-methylethylidene 
7.119 1,3-Cyclopentadiene, 5-(1-methylethylidene)- 
8.084 n-Nonane 
10.476 Decane, 2,5,6-trimethyl- 
11.169  1,3-Methanopentalene, 1,2,3,5-tetrahydro- 
12.441 n-Undecane
14.156 Decane, 2,6,8-trimethyl- 
15.719 Heptadecane, 2,6-dimethyl- 
Table 4.3 shows the product qualifications of multiple gas hourly space velocities 






Tables 4.2 and 4.3 show only the proposed results because the molecule qualifications 
were based on the Agilent library file so there may be some error in the identification of
some of these molecules.  Further analysis was done with DHA analysis and Figure 4.26 
shows 
Distillation results are shown at the end of this chapter in Table 4.6, but since 100 
mL of liquid was needed for the distillation test, the organic phase of this study and the 
reactor study done using biomass syngas feed gas only was done to find those distillation 
results. 
Pressure Comparison Results 
Multiple tests were run at a gas hourly space velocity (GHSV) of 738 h-1 (1.4 
SLPM) with a catalyst bed volume of 175 mL (93.6g).  Syngas was subjected to 300 oC 
at 1000 psi, 800 psi, and 600 psi. The purpose of this set of tests was to compare the 
results of producer gas with store bought syngas (from Airgas).  These tests would also 
show that the catalyst could function under not only high pressure conditions (1000 psig), 
but also at lower pressure conditions. The biomass syngas was cleaned but was 
compared with store bought gas with the same mole fraction of components to compare 
the performance at 1000 psig with the same GHSV.  These experiments were also used to 
determine whether or not the same products would be made at various conditions and 
also to show the utility of the reactor system to control the temperature.  Figure 4.23 
shows the carbon monoxide conversion and hydrogen conversion.  Figure 4.24 shows the 
liquid hydrocarbon yield in units of gram catalyst/(gram hydrocarbon*hr) with the bench 







Figure 4.23 CO and H2 Conversion Percentage using the Bench Scale Reactor with 
cooling comparing multiple pressures and Airgas with Producer Gas using 
a GHSV of 738 h-1 and a gas composition of 53% N2, 17% CO, 14% H2, 






Figure 4.24 Liquid hydrocarbon yield using the Bench Scale Reactor with cooling 
comparing multiple pressures and Airgas with Producer Gas using a GHSV 
of 738 h-1 and a gas composition of 53% N2, 17% CO, 14% H2, 13% CO2, 
2% CH4 over the K-Fe-Co-Mo/Alumina Catalyst







Figure 4.25 Maximum and Minimum Temperature from the Warmest Section of the 
Bench Scale Reactor with cooling comparing multiple pressures and Airgas 
with Producer Gas using a GHSV of 738 h-1 and a gas composition of 53% 
N2, 17% CO, 14% H2, 13% CO2, 2% CH4 over the K-Fe-Co-Mo/Alumina 
Catalyst
Figure 4.25 shows that the maximum temperature of the warmest section of the 
reactor, and the reactor was able to maintain the temperature without any issues.  The 
liquid results are shown in Tables 4.4 and 4.5 below.  The aqueous phase was tested 
using the GC-MS with the Airgas samples and found to be composed of water and the 
results are shown in Table 4.4. Table 4.5 shows the organic product results for all the 
products and Figure 4.26 shows the mass percentages of the organic phase product 











































All pressures produced the same results with only small differences in the area















1.80 2-Hexene, (Z)- 
2.26 Pentane, 2,4-dimethyl-
10.43 Decane












The oil phase results tested with the DHA analysis (Figure 4.26) were compared 
with JPA-1 along with the previously mentioned tests done with varying flow rates. 
Figure 4.26 Figure also agrees with page 54 of Dasgupta [150] in that longer carbon 
chains form (C14+) under the lower flow rates due to the longer residence time and the 
catalyst surface having more time to effect the chain growth.
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The organic phase liquid used in the distillation was collected only from the 
biomass producer gas fed reactions.  Since there was a minimum requirement of 100 mL 
to do this type of test, all of the organic phase liquid which was collected was mixed 
together to perform this test.  Only 2.4 mL of product was given off after the product was 
distilled using the ASTMD86 standard. 
Table 4.6 Distillation Information of the Producer Gas Fed Sample. 
Properties Jet Fuel JPA Distilled fuel 







Average Molecular Weight (g/mol) 140.65 137.98 109.00
Relative Density (g/mL) 815 810 690 
Reid Vapor Pressure @ 100°F (37.8 
°C) (psi)
0.04 0.16 0.98
Percent Carbon 86.95 86.61 84.67
Percent Hydrogen 13.05 13.36 14.30
Bromine Number 3.18 6.12 37.30
Total Oxygen Content (mass %) 0.0044 0.0252 1.0337
Discussion, Conclusion and Future Work 
To investigate the significance of these results further, a statistics investigation 
using the least significant difference test.  This analysis was used to show whether or not 
there was significant differences between each bench scale test that was run to compare 
the overall yield with values in grams of hydrocarbons created over the grams of catalyst 
used multiplied by time (grams hydrocarbons)/(grams catalyst*hr).  The LSD (least 
significant difference) statistical comparison (using SAS) for each of the different syngas 
mixes used can be seen in Figure 4.27 and the t grouping with the same letters are not 
significantly different. Table 4.7 shows the LSD values corresponding with Figure 4.27. 
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Table 4.7 LSD values corresponding with Figure 4.27 
Alpha 0.05
Error Degrees of Freedom 18 
Error Mean Square 6.826E-7 
Critical Value of t      2.10092 
Least Significant Difference    0.0014 
The statistical data shown in Figure 4.27 (see Appendix C) reveal that the 
producer gas that flowed at the highest flow rate which was tested (GHSV of 2954 h-1) 
produced the significantly highest yield per unit of catalyst multiplied by time from the 
series of tests that were performed. It can be concluded that as long as the reactor can be
properly cooled, the higher GHSV will significantly produce a greater yield of 
hydrocarbons per time.  The data from Figure 4.24 shows that the Airgas syngas did seem
to perform better than the biomass producer gas at the same conditions of 1000 psig and 
738 h-1 GHSV, but this could also be due to the catalyst slowly getting poisoned since the 
same catalyst was used with the Airgas syngas as the producer gas, and the Airgas syngas 
tests were performed first before the producer gas was run over the same catalyst (the 
catalyst was ‘reset’ by reducing it again but this procedure may not have been enough to 
completely remove the components poisoning the catalyst).  There could also be some
unknown contaminants (in very small amounts) in the biomass producer gas because the 
yield was significantly lower than the Airgas syngas under the same conditions of 
pressure, flow rate and temperature.  The reactor with the cooling coils was also more 








In the future, the ability to better model the heat transfer going on would be best 
done by obtaining a reaction rate equation that best fits the catalyst reaction results based 
on multiple pressures and temperatures at a specified flow rate as recently done by 
Hunpinyo et al. [151]. By using these results, the models for the heat transfer and the 
economic evaluations could be better fitted to real world results.  Due to time constraints, 
this was not part of this particular study (since the mass transfer coefficient is very 
involved with the heat generated at higher flow rates), but this study did show that the 
temperature could be controlled using this specific volume of catalyst (175 mL) from
Yan et al. [141] in a 1.689 inner diameter reactor at high flow rates with GHSVs of 738-
2954 h-1 to produce highly valued products in a scaled-up reactor.
Materials and Methods for Design of the Pilot Scale Reactor System 
The pilot scale system is similar to the bench scale system, but makes use of a 7 
foot long, schedule 40, 2.07 inch inner diameter 316 stainless steel pipe with a 5 foot long 
catalyst bed and copper fin.  A flow diagram is shown in Figure 4.28 and a picture of the 
pilot system is shown in Figure 4.29.  
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Figure 4.29 Picture of the Pilot Plant using producer gas over the K-Fe-Co-
Mo/Alumina Catalyst
Gas Composition used through the main FT reactor: 53% N2, 17% CO, 14% H2, 13% 
CO2, 2% CH4
The reactor system has a 5 foot long catalyst bed and within that bed is a 5 foot 
long copper fin (the top view of the fin is shown in Figure 4.30).  Pictures of the copper 
fins with the two cooling lines (each with 1 inlet and 1 outlet for the bottom and top 
sections of the reactor) are shown in Figures 4.31 and 4.32.  External temperature control 











Figure 4.30 AutoCAD Drawing of the Radial (Top) View of the Pilot Reactor Fin of
the pilot reactor system which used producer gas over the K-Fe-Co-
Mo/Alumina Catalyst
Units in inches 
Figure 4.31 Axial View of the Pilot Reactor Fin with cooling lines which used producer 







Figure 4.32 Radial (Top) View of the Pilot Reactor with the Fin which used producer 
gas over the K-Fe-Co-Mo/Alumina Catalyst 
Modeling the Pilot Scale Reactor with Intercooling using COMSOL Multiphysics
Before the reactor was built, a larger reactor was modeled with similitude of the 
bench scale system which was to be used with the pilot scale plant.  The steady state, 3-D 
COMSOL model (Figure 4.33) shows a maximum temperature of 684.7 K when there is 
no internal heat transfer but the outside of the reactor is able to be cooled at a constant 
573 K, and Figure 4.34 shows a maximum temperature generated of only 597.9 K when 
the copper fin was present. The heat given off could be adequately controlled with the 
larger diameter pipe for the largest heat generation of 1.1 MW/m3 as long as a steady state 
condition can be reached (where the external temperature is constant).  Based on these 
results and equipment that was readily accessible, the 2 inch, schedule 40 stainless steel 
pipe was chosen as the reactor vessel for the pilot plant and although cooling lines were 
129 
 
not shown in the model, they were used in the pilot scale reactor for added safety using 





















































































































































































































































































LabView Control Program for the Pilot Scale Reactor System 
The LabView program logic was an exact clone of the bench scale system with 
the exception of added safety factors and the ability to control 6 reactors at once.  The 
temperature was controlled by Watlow relays and band heaters (Appendix B).  The 
reactor system would stop the flow immediately if the reactor became too warm, the gas 
flowed too quickly or if a carbon monoxide level greater than 100 ppm was picked up by 
one of the safety relays. The Brooks Instruments flow controllers also had their own 
LabView driver which was inserted into the block diagram.  Figures 4.35 and 4.36 show 

























































































































































































































































































































































    
 
 









Pilot System Results and Disscussion 
The pilot system producer gas was prepared in the same way as the bench scale 
system.  The initial conditions were different in that the FT reactor was loaded with 2.5 L 
of catalyst initially and then was reduced for 72 hours at 750 oC at a flow rate of 3.02 
SLPM. Reducing the catalyst lowered the volume by approximately 35% (from TPR 
results) so 1.625 L of catalyst was used for the GHSV calculations.  The initial weight 
was 1787.15 grams and 65% of this mass is 1161.65 grams (this was used for the yield 
calculations). Table 4.8 shows the results from one test for each of the differing flow 
rates and Figure 4.37 shows the carbon selectivity percentages (Mass %) at GHSVs of 
125, 250 and 500 h-1. 
Table 4.8 Mass Balance, Yield, CO conversion and Mass of the organic and aqueous 
phase using producer gas over the K-Fe-Co-Mo/Alumina Catalyst








Mass of Organic 
Phase (g) 
Mass of Aqueous 
Phase (g) 
125 h-1 GHSV 
(3.02 SLPM)
0.971 0.000026 93.90 0.7 3.8
250 h-1 GHSV 
(6.67 SLPM)
0.986 0.000155 87.06 2.1 10.9
500 h-1 GHSV 
(12.05 SLPM) 
0.981 0.000146 73.92 4.1 81.6








Figure 4.37 Carbon Selectivity Percentages in mass % at GHSVs of 125, 250 and 500 
h-1 using producer gas over the K-Fe-Co-Mo/Alumina Catalyst 
Gas Composition used through the main FT reactor: 53% N2, 17% CO, 14% H2, 13% 
CO2, 2% CH4
The temperature for each of the three tests remained relatively stable when trying 
to obtain a temperature of 400 degrees C for the hottest section of the reactor.  There was 
a noticeable difference when trying to keep the temperature at 400 degrees C from the 
standpoint of having to lower the set point of the external temperature each time the flow 
rate was increased (see Figures 4.38, 4.40, and 4.42 for this in detail).  The catalyst used 
had the form of powder which is likely the reason that the first test had an issue with 
plugging (Figure 4.39). The pressure was slowly released on the outlet side of the reactor







   
After this occurrence, the pressure drop was not an issue when using the copper fin and 
this is probably due to by-pass having to do with the copper fin and channels that were 
able to form around it (see Figures 4.39, 4.41 and 4.43).   
Figure 4.38 Internal Temperatures of Pilot Testing at 125 h-1 GHSV with an external 
set point of 165 oC using producer gas over the K-Fe-Co-Mo/Alumina 
Catalyst













Figure 4.39 Pressure before and after the reaction of Pilot Testing at 125 h-1 GHSV 
using producer gas over the K-Fe-Co-Mo/Alumina Catalyst
Gas Composition used through the main FT reactor: 53% N2, 17% CO, 14% H2, 13% 
CO2, 2% CH4
Figure 4.40 Internal Temperatures of Pilot Testing at 250 h-1 GHSV with an External 
Set Point of 75 oC using producer gas over the K-Fe-Co-Mo/Alumina 
Catalyst












Figure 4.41 Pressure before and after the reaction of Pilot Testing at 250 h-1 GHSV 
using producer gas over the K-Fe-Co-Mo/Alumina Catalyst
Gas Composition used through the main FT reactor: 53% N2, 17% CO, 14% H2, 13% 
CO2, 2% CH4
Figure 4.42 Internal Temperatures of Pilot Testing at 500 h-1 GHSV with an external 
set point of 30 oC using producer gas over the K-Fe-Co-Mo/Alumina 
Catalyst

















Figure 4.43 Pressure before and after the reaction of Pilot Testing at 500 h-1 GHSV 
using producer gas over the K-Fe-Co-Mo/Alumina Catalyst
Gas Composition used through the main FT reactor: 53% N2, 17% CO, 14% H2, 13% 
CO2, 2% CH4
According to the library files with the GCMS, the Pilot FT reactor produced 
mostly long paraffin chained hydrocarbons and some aromatics. Table 4.9 shows the 
results for the highest area in the chromatograph for liquids of the organic phase. 
Table 4.9 Pilot GC-MS Area Results of the highest area peaks for the Organic Phase. 
















Pilot Plant Conclusion and Future Work 
The copper fin was able to adequately control the temperature with no heat 
dispersion issues. Recent testing has been done without using the copper fin in the pilot 
reactor and the challenge of using powdered catalyst was realized when the GHSV 
reached approximately 250 h-1 because a pressure drop of approximately 200 psig 
occurred each time the GHSV was increased to this level.  Further research is ongoing to 
form the catalyst into a 1/8" diameter sphere so that the pressure drop will not be an issue 
and better packing techniques when using the copper fin for larger velocity flow rates so 






PROCESS DESIGN AND ECONOMICS OF LIQUID HYDROCARBON 
PRODUCTION AT AN INDUSTRIAL SCALE
Economic modeling was performed using the CapCost method outlined in Turton, 
et al. [137] with the assistance of calculations performed in Aspen Plus to obtain the 
material stream information, energy usage and equipment sizing.  
Methods of the Aspen Plus Model 
Feedstock Properties and differences in the Reverse WGS reaction Conversion 
The proxanal (proximate analysis weight percentage), ultanal (ultimate analysis 
weight percentage) and sulfanal (sulfur analysis by weight percentage) values that were 
used in the models are shown in the tables below and were adapted from data published 
by Jenkins et al. [152]. The sufanal values were calculated using the same types of sulfur 
ratios from a report written by Hamersma et al. [122] which summed to the total sulfur 
content. A moisture content of 19% was used in all the models due to Aspen Plus 
sensitivity analyses which showed a higher hydrocarbon output when this was used in the 
Gibbs free energy reactor block. The higher heating value or heat of combustion for the 
woody biomass was taken from a study done by Jenkins et al. [152].  Hybrid poplar was 
used in the Aspen Plus models because it is very fast growing and has a heat of 










Table 5.1 Proxanal Values used in Aspen Plus for the Wood Feed 
Proxanal Material Percentage (%) 
Moisture 19 
Fixed Carbon 12.49 
Volatile Matter 84.81 
Ash 2.7 
Table 5.2 Ultanal Values used in Aspen Plus for the Wood Feed 








Table 5.3 Sulfanal Values used in Aspen Plus for the Wood Feed 
Sulfanal Material Value 
Pyritic 0.1669 (83.45% of total sulfur) 
Sulfate 0.00186 (0.93% of total sulfur) 
Organic 0.03124 (15.62% of total sulfur) 
Values for the energy content, proxanal, ultanal, and sufanal values for coal are 
shown on the table below and are values from a report written by Yongue et al. [153] 
dealing with lignite coal from Mississippi.  The sufanal values were calculated using the 
same types of sulfur  ratios as medium volatile bituminous coal from a report written by 
Hamersma et al. [154] which summed to the total sulfur content.  The volatile matter was 
pulled from Lignite A type coal properties of page 2 of the book written by Kabe et al. 














percentage from 100 percent.  The size of the coal which is pulverized for gasification is 
somewhat ambiguous in the real world so the values from Table 5.7 were assumed to be 
true for the model. 
Table 5.4 Proxanal Values used in Aspen Plus for the Coal Feed 
Proxanal Material Percentage (%) 
Moisture 19 
Fixed Carbon 38.3 
Volatile Matter 46.7 
Ash 15 
Table 5.5 Ultanal Values used in Aspen Plus for the Coal Feed 








Table 5.6 Sulfanal Values used in Aspen Plus for the Coal Feed 









Table 5.7 Coal and wood assumed sizes for modeling the amount of power that would 










1 0.05 0.08 0.1 0.1 
2 0.08 0.4 0.1 0.2 
3 0.14 0.23 0.1 0.3 
4 0.23 0.38 0.1 0.4 
5 0.38 0.63 0.1 0.5 
6 0.63 1.05 0.1 0.6 
7 1.05 1.75 0.1 0.7 
8 1.75 2.90 0.1 0.8 
9 2.90 4.82 0.1 0.9 
10 4.82 8 0.1 1 
The mole fraction of the gas could be changed by adding a water gas shift reactor 
with steam to increase the H2/CO ratio and a sensitivity analysis was done in Aspen Plus 
to determine the best ratio to produce the greatest yield of highly-valued products. 
The ratio produced by the gasifier in the Gibbs free energy model was similar to 
the gasifier that we have on site at MSU, so based on the results, the Gibbs free energy 
reactor model is assumed to also suffice as a good model to predict the end products of an 
oxygen fed gasifier using wood and coal feedstocks, as well as a coal air-fed gasifier. 
Since the C13-C20 chain hydrocarbons have a higher cost per kg, to determine the 
appropriate WGS conversion of CO which would output the product with this as the 
majority yield was chosen as the model to perform the economic analysis in CapCost.  
After running the sensitivity analysis for both coal and wood to convert CO to H2 and 
CO2 through the (reverse) WGS reaction, the best yield with a wood feedstock was 20% 
CO conversion, while the best yield for the coal feedstock was 40% CO conversion to 







Coal  0.0555084 H O2 
H O  H O2 IN 2 OUTCONV 
100 H O2 OUT 
Aspen Plus Process Flow Diagram 
The Aspen Plus diagram is split up in Figures 5.1-5.6 with a full diagram shown 
in Appendix D. Appendix E shows a detailed stream example when using 5000 tons/day 
of coal (base case coal scenario).  This diagram was used for both the wood and coal 
economic models.  Figure 5.1 shows the feedstock handling process (temperature is in 
Kelvin and pressure is in atmospheres).  The biomass is chipped and dried in a heater 
with airflow to remove moisture.  The chipper was modeled as an Aspen Plus crusher 
block with a multiple roll crusher type.  The maximum particle diameter chosen was 5 
inches and Rattanakawin et al. [156] mentions that all coal samples can be "classified as 
lignite with the Hargrove grindability indices ranging from about 40 to 50" so a Hargrove 
grindability index of 45 was chosen for the coal models.  The biomass dryer was 
modeled with the ‘RStoic’ block (using a 20% conversion of coal to water) in Aspen Plus 
with the following reaction as outlined in the Aspen Plus solids handling worksheet 
tutorial using equation 5.1. The fractional conversion was modified using a calculator 
block to achieve the desired moisture content at the output.  
(5.1) 
(5.2) 
The H2O removal after the biomass heater was modeled with a ‘Flash2’ block in 
Aspen Plus to model the removal of the extra water in the system that is not desired in the 




 Figure 5.1 Aspen Plus diagram of the Feedstock handling process.  The biomass is 
chipped and dried in a heater with airflow to remove moisture. 
Temperature is in Kelvin and pressure is in atmospheres 
Figure 5.1 describes the gasification process of the model with elements of the 
biomass being simulated as being broken down with the ‘CRUSHER’ block.  The 
Hardgrove Grindability Index was used to model how much energy would be required to 
break down the biomass.  Woodchip data from a from Ph.D. Thesis by Shang [157] 
showed that an HGI of 19 would be appropriate when dealing with woody biomass 
feedstocks. The elements of the biomass are divided in the RYIELD reactor block.  The 
components that were broken down were modeled using equation 5.3 in a calculator 
block in Aspen Plus to calculate the mass yield (all except moisture).  Appendix F shows 








EMass  (1 Moisture) *Ultimate *TotalMassFeed  (5.3) 
Where EMass is the mass percentage of the particular component in question (H2,
O2, N2, S, C or Ash), Moisture is the moisture content of the gas, Ultimate is the 
percentage of the ultimate analysis the component originally was, and TotalMassFeed is
the total mass flow rate of the biomass in the inlet stream.  A sensitivity analysis was 
carried out with each model to determine the amount of oxygen or air that would be best 
suited to produce the greatest amount of hydrocarbons.  Figure 5.2 shows that the first 
stage of the gasifier was modeled as an ‘RGibbs’ reactor block which considered all 
components as products.  The ‘RGibbs’ reactor models the reactions as the components 
having infinite time in the reactor and perfect mixing.  Although this is not the case in a 
real world scenario, the results when using air gave similar results to the gasifier we have 
at the ABE bioenergy lab at MSU. The (reverse) water gas shift (WGS) reactor was 
modeled with an RStoic reactor with equation 5.4 a particular conversion of CO 
depending on whether the wood or coal feedstock was used. The amount of the 
conversion was determined using a sensitivity analysis to produce the greatest amount of 
liquid hydrocarbons. 
 CO +H2O  H2 + CO2  (5.4) 
Air or pure oxygen (depending on the desired model) and the elements of the 
wood or coal were modeled as being gasified in 2 stages.  The first stage involved the 
Gibbs free energy reactor model.  The second stage of the gasification was modeled with 






Figure 5.2 The Aspen Plus diagram showing elements of the wood first simulated as 
being broken down in the RYIELD reactor.  The heat of combustion from
this block is forwarded onto the first stage of the gasification model called 
'GASIFY'. The second stage of the gasification is modeled with a 
stoichiometric reactor which uses a water gas shift reaction to increase the 
hydrogen to carbon monoxide ratio 
 
carbon monoxide ratio.  A heat exchanger is used to cool the outlet stream from the water 






Figure 5.3 Aspen Plus diagram showing the ash separation that is done immediately 
after the gasifier using the ‘SSplit’ block. After this step, the H2S removal 
reactor is modeled as an ‘RStoic’ block reactor 
Figure 5.3 describes the first part of the gas clean-up process by removing the ash 
from the stream.  This is followed by the removal of any H2S that is in the system using 
the ‘RStoic’ block. The reactions used in this block are given by equations 5.5 and 5.6 
(the Claus reaction). 
 2 H2S + 3 O2 → 2 SO2 + 2 H2O (5.5) 
 2 H2S + SO2 → 3 S + 2 H2O (5.6) 
The sulfur created from this block was removed with the ‘Flash’ block so that the 






     
Figure 5.4 The gasified biomass passes through an air cooler modeled with the 
‘Heater’ Block. In the 'Sep' block the water is removed from the gas before 
flowing into the compressor.  After the compressor, another 'Sep' block was 
used to model the removal of O2 
Figure 5.4 shows the modeling of cooling, water removal, compression and 
oxygen removal of the gasified biomass.    The air cooling energy requirement was 
calculated by Aspen Plus and the area of the heat exchanger to use in the economics 
modeling was done using equation 5.7. 
Q
A  
U  T  (5.7) 
Where A is the area of the heat exchanger, Q is the energy required to cool the gas 
to a specific temperature,  U is the overall heat transfer coefficient of air (5.7 Wm-2K-1) 







exchanger and after exiting the heat exchanger.  The compressor was modeled so that a 
partial pressure of 130.66 psig for CO was used in all the models.  
Figure 5.5 The FT reactor and cracker were both modeled with the RStoic block.  A 
back pressure valve was also modeled to show the temperature change and 
an air cooler was modeled as the ‘Heater’ block to further cool the gas 
before distillation 
For the purposes of this model the simple alkane formation equation shown in 
equation 5.8 was used to determine the types of hydrocarbons that would be created. 
(2n + 1) H2 + n CO → CnH(2n+2) + n H2O (5.8) 
Each of the specific conversion percentages of CO are also shown as well and 
were derived using the Anderson–Schulz–Flory distribution shown in equation 5.9 and 
correspond with the equations 5.10 - 5.39.  The weight percent fraction of each type of 
























CO + 3 H2 CH4 + H2O
2 CO + 5 H2 C2H6 + 2 H2O 
3 CO + 7 H2 C3H8 + 3 H2O
4 CO + 9 H2 C4H10+ 4 H2O
5 CO + 11 H2 C5H12 + 5 H2O
6 CO + 13 H2 C6H14 + 6 H2O
7 CO + 15 H2 C7H16 + 7 H2O
8 CO + 17 H2 C8H118 + 8 H2O
9 CO + 19 H2 C9H20 + 9 H2O
10 CO + 21 H2 C10H22 + 10 H2O
11 CO + 23 H2 C11H24 + 11 H2O
12 CO + 25 H2 C12H26 + 12 H2O
13 CO + 27 H2 C13H28 + 13 H2O
14 CO + 29 H2 C14H30 + 14 H2O
15 CO + 31 H2 C15H32 + 15 H2O
16 CO + 33 H2 C16H34 + 16 H2O
17 CO + 35 H2 C17H36 + 17 H2O
18 CO + 37 H2 C18H38+ 18 H2O
19 CO + 39 H2 C19H40 + 19 H2O




















 Wn = n(1-a)2 * (an-1) (5.9) 
Where Wn is the the weight percent fraction of hydrocarbons, and a is the 


































21 CO + 43 H2 C21H44 + 21 H2O
22 CO + 45 H2 C22H46 + 22 H2O
23 CO + 47 H2 C23H48 + 23 H2O
24 CO + 49 H2 C24H50 + 24 H2O
25 CO + 51 H2 C25H52 + 25 H2O
26 CO + 53 H2 C26H54 + 26 H2O
27 CO + 55 H2 C27H56 + 27 H2O
28 CO + 57 H2 C28H58 + 28 H2O
29 CO + 59 H2 C29H60 + 29 H2O


























































Table 5.8 The alkane equation and Anderson-Schulz-Flory weight percent fraction of 
hydrocarbons when using an alpha of 0.9 for use in the RStoic FT reactor
model in Aspen Plus. 
































The cracker used in the Aspen Plus model was used to break down waxes and 
although more side reactions would and do happen, equations 5.40 - 5.49 show the 
reactions used in the cracker model to convert the higher wax hydrocarbons into liquid 
with 20% of the mass fraction going to naphtha and 80% going to diesel.  The 
assumption was made that the conversion for the limiting reactant percentage was 90%.   
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H2 + C21 C10 + C11
H2 + C22 C5 + C17 
H2 + C23 C5 + C18 
H2 + C24 2 C12 
H2 + C25 C12+ C13
H2 + C26 2 C13 
H2 + C27 C13 + C14
H2 + C28 2 C14 
H2 + C29 C14 + C15




















The area for the air cooler that cooled the gas before it entered the distillation 










Figure 5.6 Aspen Plus diagram showing water being separated using the 'Sep' block 
and the product was input into the shortcut distillation column block.  The 
lighter hydrocarbons were compressed with the 'Compr' block to a pressure 
of 200 psig 
Figure 5.6 shows the product being put through a water decanter and then distilled 
into 3 main product groups.  In real world scenarios the distillation products are separated 
into many more denominations of specific products, but to keep the model simple so that 
economics could be performed more quickly, only three were chosen.  Those three 






     
  





Table 5.9 Groups of hydrocarbons that were distilled from the Shortcut distillation 
column. 
Stream Name Components 
L CO, H2, CO2, H2O, H2S, N2, CH4, C2H6, C3H8, 
C4H10
M C5H12, C6H14, C7H16, C8H18, C9H20, C10H22,
C10H22, C12H26
H C13H28, C14H30, C15H32, C16H34, C17H36, C18H38,
C19H40, C20H42
The shortcut distillation column also made use of the calculator block to be sure 
that the mole percentage of products were distributed properly and the mass balance was 
properly maintained.  The calculator block summed the mole percentage of each of the 
light-, mid- and heavy-range products coming into the distillation column and inputted 
this number into the appropriate feed fraction.  Appendix F shows the calculator 
definitions and FORTRAN code used to input everything into the Aspen Plus model.   
Aspen Plus Results for a 5000 ton per day coal plant can be seen in Appendix E.  Each 
scenario was not included due to the amount of data that was produced, but similar results 
were computed and the product streams for each separate scenario can be seen in Figure 
5.7. 
Aspen Plus Process Flow Diagram Product Results and Discussion
The results from Figure 5.7 and Table 5.10 show the product flow rates of each 
feedstock for multiple levels of scale-up.  The chemical make-up of the feedstock was 
different, so the products for each of them were also expected to have differences.  The 
amount of char left over in the coal feedstock study was extremely low since the gasifier 




react with the other reactants that were available (from the chemical make-up of the 
lignite coal). This is why more hydrocarbons are able to be created using coal feedstocks 
at larger levels of scale-up.  In the real world there would be unreacted char, but this 
reactor models a perfect mixing and a steady-state situation so that all available 
components are completely used as long as there are other reactants available.  The wood 
feedstock was limited to creating a certain amount of carbon monoxide by other reactants 
in the chemical make-up of the wood.  At the 50 and 500 ton/day levels, there is not a 
noticeable difference in the output of the highly valued products, but at the 5000 ton/day 
level it becomes clear that the lignite coal outperforms the wood feedstock to form more 
of the highly valued liquid products. 
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(kg/hr) 13.05 0.35 132.38 3.45 1323.75 34.51 
Ammonia 
(kg/hr) 0.02 0.01 0.25 0.10 2.47 1.01
Char (kg/hr) 81.78 negligible 827.33 negligible 8273.29 negligible
Sulfur (kg/hr) negligible negligible negligible negligible negligible 0.06 
CO2 (kg/hr) 1347.94 1167.02 13486.75 11670.24 134868.00 116702.00
Methods used in CAPCOST for the Economic Analysis 
When modeling the distillation tower in CapCost, the following assumptions were 
made.  Each reactor for the 500 and 5000 ton/day plant was assumed to be made out of 
419 2 inch nominal schedule 40 pipes that were 30 ft. long with a total enclosed diameter 
of 8 feet with a gas hourly space velocity (GHSV) of 3000  h-1. This flow rate was 
divided into the total flow rate depending on the model to give how many reactors would 
be needed for the CapCost economic model.  The heat required to heat the reactors was 
calculated using equations 5.50, 5.51 and 5.52. 
W Cp TQr   (5.50) KWh3412   time(hr)
 BTU  
Where Qr is the required power to raise the temperature, W is the weight of the 
material, Cp is the specific heat of the material (0.12 BTU/lb), and ∆T is the change in 
temperature (809 oF). 
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k  S  T
Qt  Area (5.51) KWh 3412   time(hr)
 BTU  
Where k is the thermal conductivity of the insulation (assumed to be 0.67 
(BTU*in)/(ft2* oF * hr) [158], SArea is the surface area to be heated and ∆T is the change
in temperature.
As the engineering guide source for heating material shows [158], a safety factor 
was used when using both equations 5.50 and 5.51 together so that equation 5.52 was 
formed to give the overall power needed to heat the reactor to the desired reaction 
temperature.
 2 Q  2 Qr  Q   (5.52)Total r
 3  
The total amount of power that needed to be provided was calculated by adding 
the power needed for the FT reactor, the oxygen removal reactor, the hydrogen sulfide 
removal reactor, the power required for the drive shafts of the compressors, the feedstock 
grinder and steam that needed to be generated.  Most of these values were found from the 
Aspen Plus model, but the FT reactor also produced a certain amount of power due to the 
exothermic reactions.  A low-end assumption was made that the FT reaction would 
produce approximately 0.5 MW/m3 based on literature results [27, 28].  The energy 
calculated (based on the volume of the reactor) was subtracted from the total power 
requirement (along with 80% of the power that could be gleaned from the gasifier in the 
Aspen Plus model). Without this use of power from the gasifier and the FT reactor, the 
CapCost models all became economically unfeasible.  The distillation tower trays 
usually have an efficiency of 50%-70% so the theoretical trays that were calculated by 
163 
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pL  pVu  C (flood abf 20 pV 
Aspen Plus were multiplied by 2 to give the total number of trays used in the CapCost 
model. Fair's method was used to calculate the column diameter by using equations 5.53, 
5.54, and 5.55. 
 (5.53)
Where uflood is the flooding vapor velocity, Cabf is the capacity factor (using a 
chart found in the book ‘Separation Process Engineering’ [159]), pL is the liquid density, 
pv is the vapor density and σ is the surface tension. The flooding vapor velocity was used 
to find the diameter using equation 5.54. 
 (5.54) 
Where Vmass is the mass flow rate of the vapor and η is 1 minus the ratio of the 
tray hole area to the active tray area (0.9).  The distillation reflux drum dimensions were 
calculated based on chapter 18 of Couper's book [160] using equation 5.55. 
V  2  F  (F  F )  (L  F  Q)d 4 1 2 rf 3 (5.55) 
Where Vd is the volume of the reflux drum, F1,F2, F3, and F4 are specific factors 
shown in chapter 18 of Couper [160] and were assumed to have values of 1, 1.5, 3, and 
1.5 respectively. Lrf is the reflux flow rate and Q is the overhead net product flow rate.    
The reflux pump calculation for the distillation tower was calculated using equation 5.56. 
q    g  h





      
 
Where P is power (kW), q is flow rate (m3h-1), ρ is the fluid density (kgm-3), g is 
the acceleration due to gravity (9.81 ms-2), and h is the differential head (m).  The 
distillation reboiler and condenser power requirement were calculated in the Aspen Plus 
model and to obtain the appropriate surface area, equation 5.7 was used.  The only 
difference for the reboiler and condenser calculations was the overall heat transfer 
coefficient values.  The heat transfer coefficient of stainless steel to steam (used for the 
reboiler) was 680 Wm-2K-1 and the heat transfer coefficient used for the condenser was 
11.3 Wm-2K-1 for water to stainless steel.  The capacity of the storage tanks were 
calculated by assuming that they needed to store a week's worth of product before 
shipment could take place.  Besides the compressor, the most expensive equipment for 
the plant was the gasifier. The MSU bioenergy lab spent approximately $250,000 on a 
0.66 ton per day gasifier, and another source from Karnataka, India (Goodrich Sugar & 
Chemical Complex Limited) have a 220 ton per day gasifier at an American installation 
cost of $12,000,000. The gasifier cost estimate was done by using a method mentioned 
by Sweeting [161] using equation 5.57 to find the slope of the line needed to obtain the 
cost of scaled up equipment. This value was used to obtain the results of the costs of the 
scaled up equipment. 
log(12000000)  log(250000) log(12000000)  log(250000)
m  m  
log(220)  log(0.66) log(220)  log(0.66) 
log(12000000)  log(250000)
m  
log(220)  log(0.66) (5.57) 







The value of m was used to find the 'B' value of equation 5.58.  The value of B 
was used 5to find the new cost of a scaled-up gasifier based on the tonnage per day of 
biomass using equation 5.59 (5000 tons/day is used in this equation).
 log(Cost5000) = log(329758.1675) +(0.666)*log(5000) (5.59) 
The bare module cost for the gasifier was solved for by using methods outlined on 
page 200 of Turton [137] with equation 5.60 and 5.61. 
CBM = Cp0 * (B1 + B2 * FM * Fp) (5.60) 
Where Cp0 is the cost calculated using equation 5.59 above, B1 = 2.25, B2 = 1.82, 
FM = 3.1 (as outlined in pages 200 and 945 of Turton [137]) and Fp was solved for using 
equation 5.61. 
(5.61) 
Where Pgasifier is the working pressure of the gasifier (1atm), Dgasifier is the
diameter of the gasifier (1m), Sgasifier is the maximum allowable stress of the stainless 
steel used in the gasifier (1305 psig), Egasifier is the weld efficiency (1) and tmin is the 
minimum thickness of the gasifier (1 inch).   
The cost was solved for this way for the 50, 500 and 5000 ton per day biomass 
plants. The oxygen concentrator was solved for using the well-known sixth-tenths rule 
and was also mentioned by Sweeting [161]. (The calculation for a 5000 ton per day plant 
is shown with equation 5.62.) 




The initial valued of the oxygen concentrator was obtained from PCI with a base 
cost of $65,500 (BaseCOST variable) for the 0.66 ton/day plant that we have on site at 
MSU. The bare modulus cost was assumed to have the same kind of cost associated with 
a compressor so the value of the direct cost was multiplied by 5.7 to obtain the bare 
modulus cost of the oxygen concentrator (outlined on page 948 of Turton [137]). 
Results and Discussion - Combining the Aspen Plus results with CapCost  
CapCost base case scenario – Varying feedstock and product prices 
The base case for this study assumes that the biomass moisture is at 19% and is 
modeled after an oxygen fed gasifier without any need for rotary driers or catalytic 
cracking. Each case uses a single investment discounted rate with a 5 year MACRS 
depreciation. An example of the CapCost printout showing the energy and equipment 
which was used and evaluated is shown in Appendix G.  One particular coal company 
that this researcher is in contact with shared that they could potentially sell Mississippi
lignite coal at $25/ton. A report from the EPA [162] has stated that the average cost for 
hybrid poplar is approximately $49.5/ton but the forest residue is only approximately 
$20/ton. To best compare with the coal, the model in CapCost used the same price of 
$25/ton. The $49.50 price point was used per ton but was not economically viable at this 
level. Most investors would like a minimum of 20% rate of return on their investment 
and this could not be achieved until a price point of approximately $6 per gallon of 
gasoline. The detailed data listed in Appendix G only shows the base price point of $25 
per ton when using a wood feedstock.  A study was done varying the cost of each of the 
feedstocks, and Table 5.11 gives the price points used to find the values in Figures 5.8 












   
  
  





for 20 years using coal and wood feedstocks. Figure 5.9 shows the rate of return on 
investment (ROROI) (%) running the gasification plant for 20 years using coal and wood 
feedstocks This chart varies the feedstock price and uses the base case scenario to 
determine any changes in the feasibility of running a plant based on these values.  The 
base case scenario refers to a feedstock cost of $25/ton and a selling point of gasoline and 
diesel of $5.00 and $5.50 per gallon, respectively. Another study was done varying the 
cost of each of the liquid hydrocarbon prices to determine at what point a plant would
become economical, and Table 5.12 gives the price points used to find the values in 
Figures 5.10 and 5.11. 
Table 5.11 Variables used to calculate values for Figures 5.8 and 5.9 
Material Name Classification Price ($/kg) 
Biomass Raw Material  Varies 
C5-C12 Gasoline Range Product  $ (1.65)
Methane Product  $ (0.24)
Ethane Product  $ (0.29)
LPG C3/C4 Product  $ (0.39)
C13-C20 Diesel Range Product  $ (1.82)
Hydrogen Product  $ (4.00)
Ammonia Product  $ (0.55)
Char Product  $ (0.12)
Sulfur Product  $ (0.17)
CO2 Product  $ (1.16E-05) 
Pure O2 Raw Material $ 0.04 





















































































































































































































































































































   
  
  







Table 5.12 Variables used to calculate values for Figures 5.10 and 5.11 
Material Name Classification Price ($/kg) 
Biomass Raw Material  $    0.028 
C5-C12 Gasoline Range Product  Varies 
Methane Product  $ (0.24)
Ethane Product  $ (0.29)
LPG C3/C4 Product  $ (0.39)
C13-C20 Diesel Range Product Varies 
Hydrogen Product  $ (4.00)
Ammonia Product  $ (0.55)
Char Product  $ (0.12)
Sulfur Product  $ (0.17)
CO2 Product  $ (1.16E-05) 
Pure O2 Raw Material $ 0.04 
Waste Water Non-Hazardous Waste  $ 0.036 
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CapCost Results when bringing moisture from 42% to 19% 
Yongue et al. [153] described their onsite delivery of coal as having a moisture 
content of 42% and then they dried it to 19% before gasification.  Some of this moisture 
needs to be removed so that the gasifier can run at the desired temperature to produce the 
desired H2 and CO for hydrocarbon production.  Aspen plus models were used to mimic 
this data to immediately dry the coal from 42 percent moisture to 19 percent moisture 
before gasification. The biomass required when using the reactor block to remove 
moisture from 42% to 19% was calculated using Aspen Plus with equations 5.2 and 5.3.  
To feed 5000 ton/day into a gasifier, the feed for both the coal and wood would need to 
be approximately 7000 ton/day of biomass because of the mass lost after drying.  The 
largest plant was chosen first to see if going through the drying process would be 
economical.  If at this scale drying the biomass is not economical, then because of 
economy of scale the process would not be economical for smaller plants. Figure 5.12 
shows that the Net Present Value (NPV) is negative for the largest plant evaluated in this 












































































































































Areadryer  airGair 
Figure 5.12 shows the NPV ($ million), Revenue (R), cost of raw materials
(CRM), cost of utilities (CUT), and cost of manufacturing (COMd) for varied cases of
GTL plants running at a capacity of 5000 tons/day.  Equation 5.63 describes the 
relationship of some of the variables shown in Figure 5.12.  This equation computes the 
total cost that is associated with manufacturing the products. 
COM d  0.18FCIl  2.76COL 1.23  (CUT  CWT  CRM ) (5.63) 
Where COMd refers to the cost of manufacturing, FCIl refers to the fixed capital 
investment, COL refers to the cost of labor, CUT refers to the cost of utilities, CWT refers to 
costs associated with waste treatment and CRM refers to the raw materials cost [137].  
Equation 5.63 describes the relationship of some of the variables shown in Figure 5.12.  
This equation computes the total cost that is associated with manufacturing the products. 
The area of the dryer was calculated using equation 5.64 and this value was input 
into CapCost with the energy required to remove the water from the coal so that the 
moisture content was only 19%. 
 (5.64)
Where Areadryer is the area of the rotary dryer input into CapCost, mair is the mass 
flow rate of air (kg/hr) and Gair is the assumed maximum superficial air mass velocity 
(800 lb/(hr*ft2) [163]. The energy content required was also calculated for the 
compressor using the base case for coal with a pure oxygen feed of a partial pressure of 
231.18 psig for H2 and a partial pressure of 130.66 psig for CO with an overall pressure 





pressure of 595 psig was used so that the partial pressure of CO was 130.6 psig and the 
partial pressure of H2 was 267.7 psig. Extra energy was required to heat the biomass and 
extra biomass was also needed when compared to the base case. This caused CRW to be 
the highest of each situation with both feedstocks.  The energy required to dry the 
biomass also caused CUT to have the highest cost of each situation investigated, which
caused the COMd to be the highest as well. 
The extra cost due to the drive power required to crush up more material was also 
negligible so it was left out of this analysis (the cost to dry the material is shown to be 
uneconomical regardless of these types of smaller costs). Figure 5.12 illuminates the fact 
that drying this amount of coal with a rotary dryer is not cost effective and it is better 
economically to let the coal dry in the elements so that no extra energy costs are incurred. 
CapCost Results with a Catalytic Cracker
The original base case takes into account the ability of the catalyst to keep the 
hydrocarbons in a liquid phase without any extra cracking (although this is modeled as 
two separate blocks). If a catalyst was used that could not keep the hydrocarbons in only 
a liquid or gaseous phase, then a catalytic cracker would have to be used.  When 
modeling this in CapCost, the largest plant (5000 ton/day) was first used to determine if it 
would be economical to add in plants with a smaller capacity and if so, other smaller 
capacity plants would be studied with this. This was not the case.  In each of the wood 
and coal feedstock plants, the catalytic crackers were assumed to need the same volume 
of space as the original FT reactors, but these catalytic crackers would require more 
energy since cracking reactions are endothermic.  This means that the energy usually 




supplement the heat required that would be needed for the cracking reactions.  Industrial 
catalytic crackers usually operate at a temperature of approximately 475 oC and 
approximately 20 psig [164] so these operating conditions were used in the CapCost 
model. The endothermic reactions were not calculated to find any extra heat that would 
needed because after only calculating the reactor material cost and the amount of power 
needed to heat the reactor tube and keep the reactor heated at 475oC, the cracker was 
found to not be economical.  Figure 5.12 shows that the plant would not be economically 
viable so to run a plant using the gasified biomass, a catalyst like the one used in previous 
chapters would be needed that transforms the gas into mainly liquid hydrocarbons in on 
direct step without forming wax.  
CapCost Results with an Air fed Gasifier 
The original base case assumed that pure oxygen would be used as the feed gas 
for the gasifier, so a study was done which used air as the feed gas.  When modeling this 
in CapCost, the largest plant was first studied to determine if it would be economical to 
use an air fed gasifier in plants with a smaller capacity. The 5000 ton/day plant was not 
economical when an air fed gasifier was used with either feedstock. To properly evaluate 
this situation, the same partial pressures of CO and H2 were used to be sure that the same
catalyst reactions would take place to produce similar results as the base case in a real 
world scenario. The amount of CO conversion in the WGS reaction was determined using 
a sensitivity analysis and the most efficient conversion was found to be 10% (when using 
the wood feedstock) and 40% (when using the coal feedstock) to create the largest yield 
of liquid hydrocarbon products. The overall pressure of the air fed gasifier plants would 





partial pressure of 130.66 psig was used (to compare to previous scenarios) for CO and a 
partial pressure of 253.02 psig was used for H2 (with the wood feedstock plant) which 
required an overall pressure of 1023.42 psig for the wood feedstock scenario.  The coal 
feedstock plant scenario had a partial pressure of 130.66 psig for CO, a partial pressure of 
240.65 psig for H2, which resulted in using an overall pressure of 985.82 psig.  Even 
though an oxygen concentrator and the cost for making extra oxygen are negated, Figure 
5.12 shows that the amount of energy required for the compressor to compress the extra 
nitrogen in the system makes using an air fed gasifier unfeasible (unless the nitrogen 
could possibly be removed before compression).  
Conclusion and Future Work 
The Aspen Plus model has been run with both wood and coal feedstock plants 
with biomass feeds of 50, 500 and 5000 tons per day.  It was discovered that to be viable, 
a plant with approximately 5000 tons per day (this is highly dependent on feedstock and 
product prices) would need to be used unless some of the equipment can be purchased at 
far less price points than were used in the model.  An oxygen fed gasifier must also be 
used (not air fed) or the compressor will use so much power to compress the inert 
nitrogen in the gas that the plant becomes economically unfeasible.  Other discoveries 
from the study include that a catalyst is needed which will not form products that need
further cracking at these scales. The plant can also become economically unfeasible if 
energy is not recycled from the gasifier or FT reactors.  This model is highly dependent 
on the energy being recycled and only 80% of the energy was recycled (as a rule of 
thumb for energy recovery for large scale plants).  Several items can be addressed to 




from the gasifier and increasing catalyst conversion to more than 83% which was used in 
the model.  These types of new values can be used with the model to increase the 
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Convection and Diffusion Equations: 
Subdomain Settings Equation:
 ( DcA)  RucA cA, concentration (A.1) 
Boundary Settings Equations: 
Insulation/Symmetry:  
n N 0;N D cA    cAu  (A.2) 
Concentration: 
cA  cA0  (A.3) 
Continuity: 
 (  N )  0;N  D cA  n N    cA  u1 2 i i i i i (A.4) 
Convective Flux: 
( D cA) n    0 (A.5) 
The next set of equations implemented were the convection and conduction 
equations and were used to determine the heat produced from the exothermic reactions 
and the amount of heat that could be dissipated using the cooling coils or inert materials 

















Convection and Diffusion Equations: 
Subdomain Setting Equation:
( k T )  Q  C pu T      (A.6) 
Boundary Setting Equation: 
Temperature: (assuming constant radial temperature) 
T T0  (A.7) 
Continuity: 
(  )  0;q k T    n q  q1 2 i i i (A.8) 
Convective flux: 







   



















Table A.1 Constants used in the COMSOL Multiphysics models. 
D 2.216E-5 Diffusivity (air) 
k 1.7[W/(m*K)] Thermal conductivity of the catalyst (carbon)
rho 2.267[kg/m3] Density of the carbon catalyst for heat transfer 
Cp 710[J/(kg*K)] 1Specific heat capacity of the stainless steel reactor 
dHRx -213000[J/mol] Reaction enthalpy of CO2 formation 
*T0 573[K] Initial temperature, reactor
cA0 8.992[mol/m3] Initial concentration, species A [CO]  (22%) 
cB0 7.357[mol/m3] Initial concentration, species B [H2]  (18%) 
*R 0.02145[m] Reactor radius (0.8445 in) Changed to 1.035 for Pilot
*v0 25 [L/min] Total flow rate Changed to 100 L/min  for Pilot
u0 v0/(pi*R2) Mean axial flow velocity 
E 90000[J/mol] Activation energy [28]
A 5.6e9[m3/(mol*s)] Rate constant frequency factor [28]
Rg 8.314[J/(mol*K)] Ideal gas constant 
Keq0 5.6e6 Equilibrium constant at 303 K  [28]
PCO 1.517E6 [Pa] Partial pressure of carbon monoxide (CO) 
PH2 1.241E6 [Pa] Partial pressure of hydrogen (H2) 
DI 10.5e-8[m^2/s] Diffusivity of H2 on Ni (Used as Inert) [146]
DC 1.35e-8[m^2/s] (Diffusivity of H2 on SiO2 (Used as Catayst) [146]
1Denotes the use of sand properties as an estimation 
2Denotes the use of air properties as an estimation 




















Table A.2 Expressions used in the COMSOL Multiphysics models. 
xA (cA0-cA)/cA0 Conversion, species A [CO] 
cB 2*cB0-cA0*xA Concentration, species B [H2] 
cC cA0*xA Concentration, species C 
[Gasoline] 
rABlanks -A*exp(-E/(Rg*T))*0.9999976104 Robert Blanks reaction rate 
Equation [28] 
Keq Keq0*exp(dHRx/Rg*(1/303[K]-1/T)) Equilibrium constant
rA 431.96 [mol/(h*m3)] Reaction rate [27] 
Qr (-rA)*(-dHRx) Heat production from reaction
RVolume 3.14*(R2)*.6096 [m] Reactor Volume
rABlanks2 318.427 [mol/(m3*h)] Blanks Calculation [28] 
Qblanks 53834 [W/m3] Blanks [28] Energy per reactor 
volume
Q2 1070000 [W/m3] 
rA_gas 349.6 [mol/(h*m3)] 
rA_CO2 2290.62 [mol/(h*m3)] 
Q_gas 24353.2967058 [W/m3] 
Q_CO2 300460.92957 [W/m3] 



















Table B.1 Item list for Lab-Scale Reactor System 
Item Total 
Reactor Construction (2” sch 160 nominal pipe, flange, 
bolts and gasket) $1,754.60 
Mass flow controller $2,305.00 
Wet Test Meter $6,975.00 
Tube Furnace and controller $3,156.73 
Thermocouples (Including Profile Probe) $818.00 
Proportional Valves and plumbing $2,678.40 
Gas/Liquid Separators and Gas Scrubbing Reactors $4,342.80 
Pressure Transducers $375.74 
Tubing, valves and fittings used for the main Reactor 
System $4,111.60 
Rupture Discs $222.13 
Computer (used to control the entire system) $1,686.00 
LabView Software and Hardware $5,416.75 
Power Supplies $679.29 
Tubing and fittings from Compressor to Reactor System $974.40 
Electronic Back Pressure Regulator $1,892.32 










Table B.2  List of Items used on the Pilot Scale Reactor Cart 
Item Total 
Reactor Cart Structure $730.00 
Reactor Construction with Copper Fins  
(2” sch 40 nominal pipe, flange, bolts and gasket) $12,183.12 
1 Gallon Holding Tank (pressure vessel) $9,869.90 
Mass Flow Controllers $20,700.00 
Dry Test Meter (Volumetric measurement) $24,059.00 
Band Heaters and Program Logic Controllers $9,074.40 
Thermcouples/Thermocouple Wire $11,045.60 
Proportional Valves and plumbing for cooling lines $9,378.60 
Large Condensers $4,000.44 
Pressure Transducers $2,254.44 
Main Plumbing and fittings for Reactor System $11,780.68 
Rupture Discs $1,332.78 
Computer (used to control the entire system) $1,686.00 
LabView Software and Hardware $7,268.95 
Power Supplies $938.98 
Tubing and fittings from Compressor to Reactor System $1,314.80 
Back Pressure Regulator $2,959.72 
Electrical Wire/Conduit/Misc $3,477.59 











     













SAS Source code: 
*SAS Program for Analyzing Differences in Yield of Biomass GHSV/p and 
Airgas GHSV/p; 
OPTIONS PS=60 LS=85 NODATE;
DATA N; 
INFILE 'C:\School\DISSERTATION\SAS STATS\yield.dat'; 
INPUT MIX $ YIELD;
RUN; 










MODEL YIELD = MIX; 












The SAS System  1 
----------------------------------- MIX=ncBIO264 ------------------------------------ 
                                 The MEANS Procedure 
Analysis Variable : YIELD 
Sum  Mean Corrected SS Variance 
ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
0.0085000 0.0028333 2.1666667E-6 1.0833333E-6 
ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
----------------------------------- MIX=ncBIO462 ------------------------------------ 
Analysis Variable : YIELD 
Sum  Mean Corrected SS Variance 
ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 







                      
 
    
 
 
               
 
              
 
              
 
                 
 
                 
 
              
 
               
 
              
 
               





















The SAS System 
The MEANS Procedure 
Analysis Variable : YIELD 
N 
MIX Obs   Sum            Mean  Corrected SS   Std Dev 
ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ
cAG1000 3 0.0325000  0.0108333    2.0866667E-6    0.0010214
 cAG600 3 0.0028000 0.000933333    4.6666667E-8  0.000152753
 cAG800 3 0.0205000  0.0068333    1.8666667E-7   0.000305505
 cBIO1477 3 0.0399000  0.0133000    1.82E-6     0.000953939
 cBIO2954 3 0.0696000  0.0232000    2.06E-6       0.0010149
 cBIO738 3 0.0203000  0.0067667    1.4066667E-6   0.000838650
 ncBIO264 3 0.0085000  0.0028333    2.1666667E-6    0.0010408
 ncBIO462 3 0.0061000  0.0020333    8.6666667E-8   0.000208167











    







                                            
           
 
                        
 




               
 
               
 
 
             
 
                    
 
 
           
 
                    
  
The SAS System 
The GLM Procedure 
Class Level Information
Class Levels Values
MIX 9 cAG1000 cAG600 cAG800 cBIO1477 cBIO2954 cBIO738 ncBIO264 ncBIO462
ncBIO659 
Number of observations    27
The SAS System 
The GLM Procedure 
Dependent Variable: YIELD 
     Sum of 
Source DF Squares Mean Square F Value Pr > F 
Model 8 0.00115782    0.00014473     212.03    <.0001
 Error    18 0.00001229    0.00000068
 Corrected Total 26      0.00117011 
   R-Square  Coeff Var Root MSE YIELD Mean
   0.989500      10.21391      0.000826      0.008089
 Source DF   Type I SS  Mean Square F Value Pr > F 
MIX 8 0.00115782    0.00014473     212.03    <.0001
 Source DF Type III SS Mean Square F Value Pr > F 







                       
 
 
                                       
                      
                        
                             
                      
 
 
        
 
 
                   
 
                        
 
                        
 
                        
 
                        
                       
                        
                       
                        
 
                        
                       
                        
                      







The SAS System 
The GLM Procedure 
t Tests (LSD) for YIELD 
       NOTE: This test controls the Type I comparisonwise error rate, not the
       experimentwise error rate.
 Alpha     0.05 
Error Degrees of Freedom  18 
Error Mean Square 6.826E-7 
Critical Value of t 2.10092 
  Least Significant Difference  0.0014 
     Means with the same letter are not significantly different. 
     t Grouping Mean N  MIX 
A 0.0232000    3 cBIO2954 
B  0.0133000    3 cBIO1477 
C  0.0108333    3 cAG1000 
D 0.0068333    3 cAG800 
D
 D 0.0067667    3 cBIO738 
D
 D 0.0060667    3 ncBIO659 
E    0.0028333    3 ncBIO264 
E
 F E  0.0020333    3 ncBIO462 
F 










































ASPEN PLUS PROCESS FLOW DIAGRAM WHEN USING A 5000 TON/DAY 
COAL FEEDSTOCK (19% MOISTURE CONTENT)  
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ASPEN PLUS DETAILED STREAM RESULTS WHEN USING A 5000 TON/DAY 
COAL FEEDSTOCK (19% MOISTURE CONTENT) WITH
AN OXYGEN FED GASIFIER
213 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































           
 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table F.1 Variables used in the Aspen Plus calculator block ELEYIELD 
Variable name Definition 
BIOMASSF
Stream-Var Stream=FEED Substream=NCPSD Variable=MASS-FLOW 
Units=kg/hr 
XMOIST
Compattr-Var Stream=DRYBIO Substream=NCPSD Component=COAL 
Attribute=PROXANAL Element=1
XASH
Compattr-Var Stream=DRYBIO Substream=NCPSD Component=COAL 
Attribute=ULTANAL Element=1
XC
Compattr-Var Stream=DRYBIO Substream=NCPSD Component=COAL 
Attribute=ULTANAL Element=2
XH2 
Compattr-Var Stream=DRYBIO Substream=NCPSD Component=COAL 
Attribute=ULTANAL Element=3
XN2 
Compattr-Var Stream=DRYBIO Substream=NCPSD Component=COAL 
Attribute=ULTANAL Element=4
XS 
Compattr-Var Stream=DRYBIO Substream=NCPSD Component=COAL 
Attribute=ULTANAL Element=6
XO2 
Compattr-Var Stream=DRYBIO Substream=NCPSD Component=COAL 
Attribute=ULTANAL Element=7
MH2 
Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS-
YIELD ID1=H2 ID2=MIXED 
MO2 
Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS-
YIELD ID1=O2 ID2=MIXED 
MN2 
Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS-
YIELD ID1=N2 ID2=MIXED 
MH2O 
Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS-
YIELD ID1=H2O ID2=MIXED
MS 
Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS-
YIELD ID1=S ID2=MIXED 
MC 
Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS-
YIELD ID1=C ID2=MIXED 
MASH 






















Calculator Block for determining the mole fraction of each component based on their 








Table F.2 Variables used in the Aspen Plus calculator block SFRACAL (Part 1) 
Variable 
name Definition 
O2M Mole-Frac Stream=LIGHT Substream=MIXED Component=O2
CH4M Mole-Frac Stream=LIGHT Substream=MIXED Component=CH4 
COM Mole-Frac Stream=LIGHT Substream=MIXED Component=CO 
H2M Mole-Frac Stream=LIGHT Substream=MIXED Component=H2
CO2M Mole-Frac Stream=LIGHT Substream=MIXED Component=CO2 
H2OM Mole-Frac Stream=LIGHT Substream=MIXED Component=H2O 
H2SM Mole-Frac Stream=LIGHT Substream=MIXED Component=H2S
N2M Mole-Frac Stream=LIGHT Substream=MIXED Component=N2
SO2M Mole-Frac Stream=LIGHT Substream=MIXED Component=SO2
C2M Mole-Frac Stream=LIGHT Substream=MIXED Component=C2
LIGHTF
Block-Var Block=SCFRAC Variable=MOLE-FEED-FR 
Sentence=PRODUCTS ID1=L 
C3M Mole-Frac Stream=LIGHT Substream=MIXED Component=C3
C4M Mole-Frac Stream=LIGHT Substream=MIXED Component=C4
C5M Mole-Frac Stream=LIGHT Substream=MIXED Component=C5





































Table F.3 Variables used in the Aspen Plus calculator block SFRACAL (Part 2) 
C7M Mole-Frac Stream=LIGHT Substream=MIXED Component=C7
C8M Mole-Frac Stream=LIGHT Substream=MIXED Component=C8
C9M Mole-Frac Stream=LIGHT Substream=MIXED Component=C9
C10M Mole-Frac Stream=LIGHT Substream=MIXED Component=C10
C11M Mole-Frac Stream=LIGHT Substream=MIXED Component=C11
C12M Mole-Frac Stream=LIGHT Substream=MIXED Component=C12
C13M Mole-Frac Stream=LIGHT Substream=MIXED Component=C13
C14M Mole-Frac Stream=LIGHT Substream=MIXED Component=C14
C15M Mole-Frac Stream=LIGHT Substream=MIXED Component=C15
C16M Mole-Frac Stream=LIGHT Substream=MIXED Component=C16
C17M Mole-Frac Stream=LIGHT Substream=MIXED Component=C17
C18M Mole-Frac Stream=LIGHT Substream=MIXED Component=C18
C19M Mole-Frac Stream=LIGHT Substream=MIXED Component=C19
C20M Mole-Frac Stream=LIGHT Substream=MIXED Component=C20
C21M Mole-Frac Stream=LIGHT Substream=MIXED Component=C21
C22M Mole-Frac Stream=LIGHT Substream=MIXED Component=C22
C23M Mole-Frac Stream=LIGHT Substream=MIXED Component=C23
C24M Mole-Frac Stream=LIGHT Substream=MIXED Component=C24
C25M Mole-Frac Stream=LIGHT Substream=MIXED Component=C25
C26M Mole-Frac Stream=LIGHT Substream=MIXED Component=C26
C27M Mole-Frac Stream=LIGHT Substream=MIXED Component=C27
C28M Mole-Frac Stream=LIGHT Substream=MIXED Component=C28
C29M Mole-Frac Stream=LIGHT Substream=MIXED Component=C29
C30M Mole-Frac Stream=LIGHT Substream=MIXED Component=C30
CM Mole-Frac Stream=LIGHT Substream=MIXED Component=C 
SM Mole-Frac Stream=LIGHT Substream=MIXED Component=S
MIDF 
Block-Var Block=SCFRAC Variable=MOLE-FEED-FR 
Sentence=PRODUCTS ID1=M 
HEAVYF















Calculator Block for determining the conversion (WATER CAL) when calculating the 
energy for the rotary drier: 
FORTRAN CODE:
 AIRDRYIN = 5*BIOMASSI 
                  H2ODRY = 19 
CONV = (H2OIN-H2ODRY)/(100-H2ODRY)






Stream-Var Stream=FEED Substream=NCPSD Variable=MASS-FLOW 
Units=kg/hr 
AIRDRYIN Export
Stream-Var Stream=AIRDRY Substream=MIXED Variable=MASS-
FLOW Units=kg/hr
H2OIN Import 
Compattr-Var Stream=FEED Substream=NCPSD Component=COAL 
Attribute=PROXANAL Element=1
H2ODRY Export
Compattr-Var Stream=INDRY Substream=NCPSD Component=COAL 
Attribute=PROXANAL Element=1







CAPCOST RESULTS OF THE BASE CASE OF A GTL PLANT USING 5000 
TONS/DAY OF A WOOD FEEDSTOCK (19% MOISTURE) AND  
AN OXYGEN FED GASIFER
253 






























































































































































   


























   









   
























   








   







   
   







   






   
   
   
   
   







   
   





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
   
 
  
   
   
   
   







   
   
   
 
  
   
   
   
   











   
 
  
   






   
   
  
   













   
   
  
  
   
   
   







   
   
  
   








   
   
  
   
   




















































































































































































































































































































































































































































































































































































   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   








   
   
   
 
  
   
   
   







   
   
   
 
  
   
   
   









   
   
  
   








   
   
  
   






   
   
   
 
  
   
   
   






   
   
  
  
   
   















   
   
  
   












   
   
   
 
  
   
   
   
   











































































































































































































































































































































































































































































































































































































































































































































































   










   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   




















































































































































































































































































































































































































































































































































































































































   
   
  
  
   
   








   
   
  
  
   
   








   
   
  
  
   
   







   
   
  
  
   
   







   
   
  
  
   
   







   
   
  
  
   
   




   









   
   
  
  
   
   
   








   
   
  
  
   
   
   
   
  
 
    
   
 









   
   
  
   
   








   
   
  
   
   





   
 
 







   
   
   
 
  
   
   
   
   








   
   
   
 
  
   
   

































































































































































































































































































































































































































































































































































































































































































































































































   
 
  
   






   
 
  
   











   









   
   
   
 
 
   
   
  
 
   
   
   
 
 
   
   
  
 
   
   
   
   
   
   
 
   
   
   
   
  
 
   
   
   
   
   
   
 
   
   
   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
 
 
   






   
   
   
   
 
   
   







   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   



















































































































































































































































































































































































































































































































































































































































































   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   





   
   
  
 
   
   
   
   
   
 
 
   
   
   




   
   
   
   
   
   
   
   
   
   
 
 
   




   
   
 
   
   
   
 
 
   




   
   
 
   
   
   
   
   
 
 
   
   
   






   
   
   
   
 
   
   






   
   
   
 
 
   






   
   
   
   
   
   
 
   
   
   





   




































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   































































































































































































































































































































































































































































































































































































































































































































































































































   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   




   
   
 
   
   
   
   
 
   
   






   
   
   
   
 
   
   






   
   
   
   
 
   
   






   
   
   
   
 
   
   
   
 
 
   
   
   
 
 
   
   
  
 
   
   
   
   
   
 
 
   
   
   
   
  
 
   
   
   
   
   
 
 
   
   
   
   
  
 
   
   
   
   
   
 
 
   
   
   
   
  
 
   
   
   
   
 
   
   
   
 
 
   
   
   
 
 
   
   
  
 
   
   
  
 
   
   
 
 
   
   
  
 
   












































































































































































































































































































































































































































































































































































































































































































































Figure G.12 CapCost Steam Cost, Equipment Efficiencies, Operator Costs, and Solids 
Handling Coefficient Used in the model 
Cost of Labor data is from:
http://www.bls.gov/oes/current/oes518091.htm 
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